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It is obviously impossible within the limitations of this review to 
present a truly comprehensive account of a characteristic body-fluid such 
as the cerebrospinal liquid. During the last century many contribu- 
tions to our knowledge of this fluid have been made, though rather 
sporadically and with long intervals between publications. Anatomists, 
physiologists, pathologists and other workers have studied the problems 
of this fluid; the proper presentation of the many phases of the subject 
would lead into all of the representative biological sciences. But during 
the past two decades contributions of a physiological and anatomical 
nature have resulted in definite enlargement of our conceptions of this 
fluid which so completely fills the cerebral ventricles and surrounds the 
central nervous system. It is largely with these more recent advances 
in knowledge that this review will deal, taking from the older literature 
only those contributions which have founded the essential bases of the 
biological processes of the cerebrospinal fluid. It is purposed to omit 
in large measure the exact chemical, pathological and serological aspects 
of the subject except as the data from these investigations aid in estab- 
lishing the fundamental anatomical and physiological phenomena which 
have to do with this fluid. For in this problem, as in many others, it 
has seemed obvious that the furtherance of investigations upon function 
has depended largely upon equivalent advance in anatomical knowledge. 

The cerebrospinal fluid, as first effectively described by Magendie 
(48), is a clear limpid liquid of low specific gravity (1.004 to 1.006), 
colorless, and of a slight but definite viscosity. When withdrawn during 
life, the liquid usually contains but few cells per cubic millimeter (less 
than 10) but in many pathological conditions its cell-content may be 
enormously increased. Various estimates of the amount of the fluid 
existing in the cerebral ventricles and about the nervous system in 
adult man have been published; the computation of 100 to 150 grams 

171 


PHYSIOLOGICAL REVIEWS, VOL. II, NO. 2 


an 


| 
i 
| 
“a 
a 
‘a 
¥ 
4 
q 


172 LEWIS H. WEED 


given by Testut (65) is probably the most reliable, but because of the 
complexities of the fluid-bed the figures should necessarily be taken as 
an approximation. | 

Chemical examinations have demonstrated that the cerebrospinal 
fluid contains small quantities of inorganic salts, of protein and of 
dextrose. The inorganic salts are chiefly sodium chloride and potas- 
sium chloride; these occur in the ratio of 17.3 to 1, according to Mestre- 
zat (50), whose monograph is a compendium of analyses of both normal 
and pathological fluids. The average pH value is given by Felton, 
Hussey and Bayne-Jones (27) as 7.75, with maximum variations of 7.4 
and 7.9. Such chemical and physical characters induced Halliburton 
(37) to term the cerebrospinal fluid ‘“‘an ideal physiological saline solu- 
tion,” bathing the neurones and maintaining their osmotic equilibrium. 

This liquid, then, of distinctive constitution, unlike other body-fluids 
(except the aqueous humor of the eye) becomes the subject of review. 
Definite conceptions regarding its circulation are current, for the evi- 
dence today points to a constant production of the fluid, its passage 
through the cerebral ventricles and thence throughout the subarachnoid 
space, and its subsequent major absorption into the venous system. 
Necessarily, however, these conceptions must be subjected to critical 
analysis, to determine the character and reliability of the data support- 
ing these viewpoints. For this purpose it becomes essential to arrive 
at some understanding of the anatomical mechanisms involved and to 
ascertain the functional employment of these structures as pathways for 
the cerebrospinal fluid. Such a discussion, while in no way comprehen- 
sively covering the problems of the cerebrospinal fluid, will present at 
least in part the phases of the subject which have in recent years been 
most extensively investigated. 


THE SOURCES OF THE CEREBROSPINAL FLUID 


The description of the glandular histological structure of the choroid 
plexuses by Faivre (25) in 1853 marked the discarding of the older con- 
cept of Haller and Magendie that the cerebrospinal fluid was a product 
of the leptomeninges (particularly of the pia mater). Faivre made the 
first histological survey of these villous projections, showing that the 
cell coverings were epithelial in nature and that there were indications of 
secretory activity in these cells. Faivre’s observations, supported by 
similar histological descriptions of hyaline-like inclusions by Luschka 
(47) in 1855, gave origin to the hypothesis that the choroid plexuses 
elaborate the greater portion of the cerebrospinal fluid; this has remained 
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the hypothesis upon which most of the investigations regarding the 
source of this peculiar body-fluid have been based. 

The purely histological evidence presented in support of this hypoth- 
esis, while suggestive, lacks the element of conclusive proof, though 
for many years accepted without question. During the past twenty 
years, however, renewed attempts with finer histological and cytological 
methods have been made to bridge the gap between intracellular secre- 
tion-granules (vacuoles) and the actual production of the liquid sur- 
rounding the cells. Thus, Findlay’s (28) description of the granular 
structure of the normal epithelial cells of the plexus, with frequent in- 
clusions of slightly pigmented globules representing the fusion of smaller 
elements and staining with osmic acid, is quite typical of the purely 
histological demonstration of secretion. Studnicka (64) obtained some- 
what similar evidence of secretion by the cells of the plexus and by the 
ependymal cells of certain areas. Pettit and Girard (55) found hyaline- 
like globules, similar to those described by Luschka, in the cells of the 
plexuses in a comprehensive series of animals but did not feel that they 
represented secretion-vacuoles. Loeper (46), working on the plexuses 
in man, described pigmented granules and other granules within vacuoles 
staining with osmic acid; he stated that he believed that such histological 
findings permitted him to assert that the cells of the choroid plexuses 
are glandular. Employing methods of supravital staining in addition 
to the ordinary histological procedures, Schlipfer (61) concluded that the 
protoplasm of the cells of the choroid plexus contained ‘‘globoplasten”’ 
surrounded by a lipoid-like capsule; his histological findings offer but 
little additional support for his assertion that the choroid plexuses se- 
crete the cerebrospinal fluid. Galeotti’s (35) description in rabbit and 
mouse of three different intracellular inclusions (hyaline droplets, fuch- 
sinophilic granules and small basophilic plasmosomes) afforded evidence 
of cell-activity by the choroidal epithelium but did not demonstrate the 
elaboration of the liquid by these structures. The same statement may 
be made of Francini’s (32) differentiation of two forms of secretion- 
phenomena in these cells—droplets formed in the cytoplasm and gran- 
ules derived from the cell-nucleus. Engel’s (23) demonstration of a 
fuchsinophilic granule and a basophilic granule staining with methyl 
green is purely histological evidence of intracellular inclusions but the 
great variability in position of the granules can hardly be interpreted 
as indicating different phases in the secretion-process. And there is 
likewise no conclusive proof of function in Hworostuchin’s (41) descrip- 
tion of the changes in form of the mitochondria of the choroidal epithe- 
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lium as showing that the cells play an active réle in the elaboration of 
cerebrospinal fluid. Yoshimura (80), in a histochemical investigation 
of the cells of the plexus, believed that the complicated process of secre- 
tion of the cerebrospinal fluid was related to the aggregation of the 
smaller cytoplasmic granules together into larger vacuoles for discharge. 
Pellizzi’s (54) hypothesis that the epithelial cells of the plexuses secreted 
granules which increased in size by absorption of the fluid-plasm until 
extruded, was based on a comprehensive study of the plexuses in verte- 
brates and may likewise be considered as suggestive support of the 
general thesis. 

It seems clear from the observations just detailed that while the many 
workers upon the histological structure of the choroid plexuses have 
described certain granules and vacuoles in these epithelial cells, there is 
no conclusive evidence that these intracellular structures constitute the 
intracellular mechanism for the elaboration of cerebrospinal fluid. The 
difficulty of final demonstration that these granules are discharged into 
the fluid or are in some way dissolved in that fluid, cannot at present be 
surmounted. 

But fortunately observations of a far more conclusive nature have 
been made by a combination of pharmacological and histological 
methods. Cappelletti (9) reported in 1900 that ether and pilocarpine 
increased the flow of cerebrospinal fluid from an experimental fistula 
and that atropine and hyoscyamine diminished it. While considering 
that the differences in vascular reaction to these drugs might account 
for the phenomena observed, Cappelletti felt that the action of pilo- 
carpine as a general stimulant of gland-activity justified the assumption 
that there was a true acceleration of secretion of the cerebrospinal fluid. 
Pettit and Girard (55) extended these observations of Cappelletti by 
introducing histological examinations of the choroid plexuses in animals 
which had been given muscarin, pilocarpine, ether, theobromine, ete. 
The administration of these substances was found to increase the volume 
of the cytoplasm of the choroidal epithelium, so that the cells became 
doubled in height. - Histological study of these enlarged elements, both 
in the fresh and in fixed material, showed that the cells were divided into 
a densely granular basilar zone and a clear apical zone. While the clear 
apical area was indicated in the resting cell, the rapid enlargement of 
this zone, under the influence of muscarin, ether and theobromine, 
resulted in the formation of a distal clear vesicular mass. Such a dem- 
onstration of histological change in the choroidal epithelium under 
the influence of drugs which caused an increased flow of cerebrospinal 
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fluid from a fistula, was believed by Pettit and Girard to prove conclu- 
sively that the choroid plexuses possessed a secretory function in the 
elaboration of cerebrospinal fluid. 

Meek (49), repeating the experiments of Pettit and Girard, came to 
identical conclusions. Muscarin caused no change in the choroidal 
epithelium in the rat but in the rabbit and guinea pig definite alterations 
were recorded. Meek stated (p. 300) that “the two things most 
striking about these modified cells are their great increase in height and 
the appearance of so much clear space at the distal side of the nucleus.” 

While the observations just quoted definitely relate the choroid 
plexuses to the elaboration of cerebrospinal fluid, there is available other 
substantiating evidence in support of this hypothesis. It had long been 
realized, from pathological examinations of cases of obstructive internal 
hydrocephalus, that the cerebrospinal fluid must be at least in part 
produced by some intraventricular structure. In this relationship 
renewed attention was directed to the choroid plexuses by the discovery 
by Claisse and Levy (12) in 1897 of a case of internal hydrocephalus asso- 
ciated with hypertrophy of these intraventricular plexuses. Dandy and 
Blackfan (17), (18) and Frazier and Peet (33) gave additional support 
to the general contention when they experimentally produced an internal 
hydrocephalus by occlusion of the aqueduct of Sylvius. Cushing’s (14) 
observation of an exudation of a clear fluid from a choroid plexus ex- 
posed in exploration of a porencephalic defect likewise added suggestive 
substantiation of the hypothesis. Somewhat more tangible proof of 
intraventricular elaboration of the fluid was afforded by the writer’s (68) 
demonstration that a definite and sustained outflow of cerebrospinal 
fluid could be obtained by catheterization of the third ventricle through 
the aqueduct of Sylvius. The outflow from such a catheter was quite 
similar in amount to the fluid obtained from a cannula in the subarach- 
noid space; the finding argues strongly for the belief that the major 
portion of the cerebrospinal fluid is produced within the cerebral ven- 
tricles. But Dandy’s (16) later experiments constitute dependable 
evidence not only that the place of production of cerebrospinal fluid is 
intraventricular but that the choroid plexuses are the responsible struc- 
tures. Dandy was able to produce a unilateral internal hydrocephalus 
by obstructing one foramen of Monro; extirpation of the choroid plexus 
in such an obstructed lateral cerebral ventricle prevented the develop- 
ment of an internal hydrocephalus. Dandy’s experiment furnishes 


the strongest single substantiation of the hypothesis that the choroid 
plexuses elaborate the cerebrospinal fluid. 
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From an entirely different aspect, also, corroborative evidence in 
favor of the choroidal origin of the cerebrospinal fluid is found in em- 
bryological observations of the writer (69). In a study of the develop- 
ment of the cerebrospinal spaces it was shown that the first extraven- 
tricular expulsion of the cerebrospinal fluid occurred simultaneously 
with the first tufting and histological differentiation of the ependymal 
cells to form the choroid plexuses. 

The evidence, then, from histological, pharmacological, pathological 
and embryological standpoints, surely inclines one to acceptance of the 
hypothesis that the choroid plexuses of the cerebral ventricles largely 
elaborate the cerebrospinal fluid. It does not seem justifiable to accept 
the evidence from any one standpoint as conclusive for many of the 
observations recorded are corroborative only. Yet the general histo- 
logical structure of these plexuses, the cytoplasmic inclusions, and the 
modification of the cell-structure by pharmacological agents offer more 
than suggestive substantiation of the contention. The pathological 
studies of cases of internal hydrocephalus, the direct observations of the 
“sweating” choroid plexus, the embryological relationship between 
differentiation of choroid plexuses and extraventricular spread of the 
ventricular fluid, and particularly the experimental investigation of 
unilateral hydrocephalus, when considered as a whole, present a very 
strong argument, if not wholly conclusive, in favor of the view that the 
choroid plexuses are the elaborators of the major portion of the cere- 
brospinal fluid. It does not seem justifiable to discard, as Becht (1) 
has done, all of the evidence in favor of this hypothesis as inconclusive. 
While many of the experimental] findings, when viewed as isolated 
observations, may be explained by other hypotheses, the great mass of 
data cannot be interpreted on any other hypothesis as satisfactorily. 
Certain of Becht’s specific objections to acceptance of the theory of 
origin of the liquid from the choroid plexuses have been answered within 
the last year: Wislocki and Putnam (79) demonstrated by histological 
methods that in cases of experimental internal hydrocephalus there was 
absorption of foreign solutions through the ependymal cells lining the 
ventricles but not through the cells of the choroid plexus. These ob- 
servations were confirmed and extended by Nafiagas (53), who showed 
by similar procedures that an increased intraventricular absorption of 
fluid occurred after the intravenous injection of hypertonic solutions of 
sodium chloride; in no case was there absorption of the fluid by the cells 
of the choroid plexus. With this evidence in hand, it seems justifiable 
to disregard Becht’s contention that the cell-changes in the choroid 
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plexuses, reported by Pettit and Girard and by Meek, may as properly 
be interpreted as indicative of absorption as of secretory activity. 

But even as a working hypothesis, the choroid plexuses must not be 
considered to be the sole elaborators of the cerebrospinal fluid. Ana- 
tomical evidence presented by the writer (68) indicates that the perivas- 
cular spaces also pour a certain amount of fluid into the subarachnoid 
space, where this fluid mixes with the liquid produced in the cerebral 
ventricles. Such an addition to the cerebrospinal fluid probably ac- 
counts for the reported differences between subarachnoid and ventric- 
ular fluids on serological and chemical analysis. The ependymal cells 
lining the cerebral ventricles and the central canal of the spinal cord 
may also contribute even in the adult a minimal addition to the intra- 
ventricular cerebrospinal fluid. 

Although a constant elaboration of cerebrospinal fluid by these 
mechanisms is indicated, it is not known how large a quantity is pro- 
duced in any given time-interval but it is not unlikely that the majority 
of computations are by far too large. Most of the estimates in man 
have been based on the amount of fluid pouring from subarachnoid 
fistulae (also cases of cerebrospinal rhinorrhea) where the pressure, 
against which the fluid is produced, is determined solely by the resist- 
ance of the abnormal pathway. The same lack of normal conditions 
renders unreliable the determinations which are based on the rate of 
flow from experimental cannulae or fistulae. Estimations of the produc- 
tion of fluid based on the absorption of foreign dyes likewise may:lead 
astray. The evidence indicates, however, that there is a constant 
though not excessive elaboration of the cerebrospinal fluid; the com- 
putations of exact quantities thus far given are of but little value. 


CIRCULATION OF THE CEREBROSPINAL FLUID 


The cerebrospinal fluid produced largely by the choroid plexuses is 
poured directly into the cerebral ventricles which are lined by ectodermal 
ependymal cells. That portion of the fluid formed in the lateral ven- 
tricles flows through the foramina of Monro into the third ventricle and 
thence by the aqueduct of Sylvius into the fourth ventricle. From the 
fourth ventricle the fluid passes out into the subarachnoid space; there 
is no evidence that functional communications between cerebral ven- 
tricles and subarachnoid space exist elsewhere than in this region. 

The exact mode of escape of the ventricular cerebrospinal fluid from 
the fourth ventricle into the subarachnoid space must still be considered 
as slightly uncertain. It is possible that the inferior velum of the cere- 
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bellar roof in the adult is an intact though functioning membrane, as in 


. the embryo; the existence of a perforation (the foramen of Magendie) 


in this membrane has been termed an artifact because of the dislocation 
of structures necessary to demonstrate it macroscopically or because of 
the shrinkage of tissues in embedding for histological investigation. The 
greater weight of evidence today inclines to a consideration of the fora- 
men of Magendie as a true anatomical opening in the velum—a break 
in the ependyma and pia. In support of this conception of a true fora- 
men between fourth ventricle and subarachnoid space may be quoted 
the observations of Cannieu (8) and of Wilder (78) and especially the 
developmental studies of Hess (38) and of Blake (6). Blake’s concep- 
tion of the formation of this opening—a shearing-off of the base of a 
finger-like evagination of the rhombic roof—is rendered more certain 
by recent morphological studies of this region. The two lateral 
foramina—those of Luschka—connecting the lateral recesses of 
the fourth ventricle with the subarachnoid space, seem-to have as 
established a basis for their existence as does the medial. It is 
through these three foramina—or surely in the region of the inferior 
tela choroidea if through an intact membrane—that the cerebrospinal 
fluid, produced in the cerebral ventricles, passes into the subarachnoid 
space. 

From the cisternal dilatation of the subarachnoid space in the region 
of the medial cerebello-bulbar angle the cerebrospinal fluid slowly seeps 
downward in the spinal subarachnoid space but passes more rapidly 
upward about the base of the brain and thence more slowly over the 
hemispheres, surrounding the whole central nervous system. This 
movement of fluid is facilitated by impulses transmitted to it by the 
vascular system; in the spinal region there is also an almost equivalent 
passage of fluid upward. The subarachnoid space, in which the fluid 
circulates, is, according to current anatomical descriptions, contained 
between the arachnoidea and the pia mater. Such a description does 
not present a proper conception of these fluid-containing channels, for 
it seems far preferable to consider the subarachnoid space to be intra- 
leptomeningeal. On this basis the arachnoid may be described as the 
outer continuous membrane, intact and fluid-containing, from the inner 
surface of which project numerous delicate trabeculae, which merge 
with the pia mater. The surfaces of the arachnoid membrane and of the 
trabeculae are covered, as is the inner surface of the dura mater, by 
flattened, polygonal mesothelial cells. Identical cells also clothe the 
surface of the brain and spinal cord to form the essential cell-covering 
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of the pia mater. All structures (blood vessels, nerves, etc.) traversing 


the subarachnoid space are likewise covered by these mesothelial ele-_ 


ments. The cerebrospinal fluid, hence, is contained within a completely 
cell-lined system of continuous yet partially interrupted spaces in the 
meshes of the arachnoid trabeculae. These meshes are of various sizes, 
increasing from very fine reticular spaces over the cerebral hemispheres 
to more widely calibered channels in the cerebral sulci and about the 
spinal cord, and reaching their maxima in the cisternal dilatations about 
the cerebello-bulbar angle. In the wide channels of this subarachnoid 
meshwork the cerebrospinal fluid is obstructed but little in its circula- 
tion, but in the small meshes the flow of the liquid is slowed. 

Apart from their established function as efficient fluid-retainers, the 
cells lining the subarachnoid space are of great interest because of their 
changing morphology under different physiological conditions. The 
writer (70) first noted that these mesothelial cells phagocyted carbon 
granules introduced into the subarachnoid space and that when phagocy- 
tic, the cells increased in size. Essick (24) then showed that the pres- 
ence of foreign material (laked blood, granules, etc.) caused these cells 
to become enlarged, vacuolated, phagocytic and finally detached to 
form free macrophages of the cerebrospinal fluid. 

These mesothelial cells likewise have importance in establishing the 
relations between the subarachnoid and the perivascular spaces, for there 
is everywhere in the central nervous system a distinct fluid-containing 
space about each of the perforating blood vessels. The cells of the pia 
mater turn inward to form an outer wall of such a perivascular channel 
while the cells of the arachnoid, covering the vessel as it traverses the 
subarachnoid space, are likewise continued inward to form an inner cuff 
of this space. Thus each blood vessel penetrating the nervous system 
is surrounded by a cell-enclosed, peri-adventitial fluid-channel, which 
communicates directly with the subarachnoid space. The typical 
leptomeningeal mesothelial cell of this channel has been identified for 
variable distances from the surface, dependent upon the caliber of the 
penetrating vessel. The perivascular fluid-channel, when the mesothe- 
lial cell-cuff ceases, continues inward to connect directly with perineuronal 
spaces about the nerve-cells. These ultimate fluid-spaces are potential 
in character but under certain circumstances they become easily rec- 
ognizable in microscopic preparations (Mott (52)). While originally 
termed ‘‘lymphatic”’ in character, these perivascular channels have no 
connection with the lymphatic system; they represent however an im- 
portant accessory fluid-system of the cerebrospinal axis, affording direct 
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pathway, uninterrupted by cell-membranes, between nerve-cell and 
subarachnoid space. 

Thus far mention of the dura mater has been omitted, for it has but 
slight relationship to the cerebrospinal fluid, the subdural space being 
anatomically and probably physiologically entirely apart from the sub- 
arachnoid. But in one respect the dura mater has importance in the 
present problem: the areas of penetration of the dense fibrous tissues of 
the dura by the arachnoid represent points of fusion between the two 
membranes. The most frequent of these areas of penetration are the 
arachnoid villi—prolongations of the arachnoid membrane so that the 
arachnoidal mesothelial cells come to be directly beneath the vascular 
endothelium of the great dural venous sinuses. Identified in adult man, 
in infants and in the common laboratory mammals (Weed (66), (67)), 
these villi are covered by typical arachnoid cells, usually of a single 
layer but often forming whorls and presenting double-layered coverings. 
The core of such a villus may be a strand-like network reduplicating the 
subarachnoid space or a myxomatous ground work simulating the 
perimedullary mesenchyme. In addition to the true arachnoid villi, 
which occur in the walls of practically all of the dural sinuses, there are 
found infrequently prolongations of the arachnoid into the dura in other 
situations. The arachnoid villi are normalstructures; the great enlarge- 
ment of these in adult life results in the formation of the well-known 


‘Pacchionian granulations. 


The cerebrospinal fluid, then, circulates everywhere about the central 
nervous system—in the cerebral ventricles and central canal of the 
spinal cord and also in the tortuous meshes of the subarachnoid space. 
These channels are all clothed with a specialized cell, fluid-retaining so 
that a true circulation of fluid may be maintained. And in the arach- 
noid villi the circulating fluid comes into close relationship to the great 
venous sinuses of the dura mater. 


ABSORPTION OF THE CEREBROSPINAL FLUID 


With the evidence indicating a constant production of cerebrospinal 
fluid and a circulation of the liquid through the cerebral ventricles and 
throughout the subarachnoid space, it isnot surprising that many investi- 
gations should have been undertaken to determine the mode of absorp- 
tion of the fluid. The experiments performed fall naturally into two 
groups—the physiological observations to determine whether absorption 
of the fluid is into venous system or lymphatic trunks and the anatomical 
investigations to ascertain the exact pathways along which the fluid is 
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absorbed. Because of the great importance of this phase of the subject 
the evidence will be given in some detail. 

Modern anatomical studies of the pathways of absorption of the cere- 
brospinal fluid were first made by Key and Retzius (43) who injected 
into the spinal subarachnoid space of a cadaver a gelatine solution 
colored with Berlin blue. While the pressure used was somewhat exces- 
sive (60 mm. Hg.), the anatomical continuity of spinal and cranial sub- 
arachnoid spaces was demonstrated, for the whole cranial subarachnoid 
space was filled with the gelatine-mass. Furthermore, the gelatine was 
traced into the core of the Pacchionian granulations along the great 
dural sinuses, and through the cell-membranes directly into these 
venous sinuses. Many beautiful plates showing this passage of the 
injection-mass but giving evidence of possible rupture are presented in 
Key and Retzius’ monograph. In addition tc this major pathway of 
absorption, these investigators demonstrated a minor accessory absorp- 
tion of the fluid into the lymphatic system, Quincke’s (56) confirma- 
tory observations, though appearing before the monograph of Key and 
Retzius, did not antedate their earlier papers on the subject. Quincke 
injected into the subarachnoid space of living animals a suspension of 
cinnabar granules and, killing the animals at varying periods thereafter, 
discovered the granules almost wholly within the basilar and spinal 
subarachnoid spaces, for the most part held by phagocytic cells. 
Granules were also found along the venous sinuses in structures which 
he termed Pacchionian granulations; in the cervical lymph nodes like- 
wise particles of the sulphide were identified. 

For several years after these publications, the view of Key and Retzius 
was accepted as establishing the anatomical pathway of absorption of 
the cerebrospinal fluid. But gradually with the realization that Pac- 
chionian granulations as such do not exist in infants and in the higher 
mammals, it was felt that this view was inadequate. For the next two 
decades practically no work was done upon the subject; then suddenly 
renewed interest in the problem was made manifest by the publication 
of several important physiological observations demonstrating a major 
absorption of the liquid into the venous system and a minor lymphatic 
drainage. 

Reiner and Schnitzler (57) injected saline solutions containing potas- 
sium ferrocyanide into the spinal subarachnoid space of living animals 
and recovered the foreign salt in from 30 to 40 seconds from the blood 
of the jugular vein. Olive oil injected under similar conditions was 
identified likewise, though the blood stream was slowed. Reiner and 
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Schnitzler stated that as Pacchionian granulations do not exist in the 
animals used, other pathways of absorption must exist. Shortly there- 
after Leonard Hill (39) reported that saline solution, colored with 
methylene blue and introduced into the subarachnoid space, could be 
traced “straight into the venous sinuses.”” Within a few minutes (10 
to 20) after the injection, the blue was identified in the bladder and 
stomach; the cervical lymphatics became colored only after an interval 
of one hour. Following injection of potassium ferrocyanide into the 
cerebrospinal fluid, Ziegler (81) detected the foreign salt in the posterior 
facial vein in 10 seconds and only after 30 minutes in the cervieal 
lymphatics. Similarly, Lewandowsky (44) identified sodium ferrocya- 
nide in the urine of animals within 30 minutes after intraspinal 
introduction. | 

The experiments of Spina (63), though conducted under abnormally 
high pressures, likewise add support to the idea of a very rapid major 
venous absorption and a lesser lymphatic drainage. Cushing’s (13) 
observations on mercury and non-absorbable gases led him to hypothe- 
size a valve-like mechanism for drainage into the venous channel. Both 
of these observers commented upon the absence of Pacchionian granula- 
tions in the higher mammals. 

Mott (52) in 1910, from study of the brains of animals subjected to 
experimental cerebral anemia, suggested a new pathway for the absorp- 
tion of the cerebrospinal fluid, based on the occurrence of distinet spaces 
about each nerve-cell, connected through the perivascular channels 
with the subarachnoid space. Believing that this fluid-system contained 
cerebrospinal fluid, Mott contended that normally the liquid passes 
from subarachnoid space into cerebral capillaries. Cathelin (10), with- 
out supporting data, assumed that the major absorption of the cere- 
brospinal fluid was into the lymphatic system; and Goldmann (36), 
employing subarachnoid injections of trypan blue, likewise tentatively 
favored this view, though acknowledging the weight of evidence in 
favor of the major venous drainage. 

Dandy and Blackfan (17) in 1913 concluded that the absorption of 
cerebrospinal fluid was a ‘‘diffuse process from the entire subarachnoid 
space,” for with the spinal subarachnoid space isolated from the cranial, 
they found ‘‘a quantitative absorption proportionately as great as from 
the entire subarachnoid space.’’ The evidence for these statements 
(18), published in detail a year later, was largely based on the excretion 
by the kidneys of a readily diffusible dye—phenolsulphonephthalein— 
after its introduction into the subarachnoid space. A very rapid 
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absorption into the blood stream occurred under such experimental con- 
ditions while the lymphatic drainage was minimal in amount and very 
tardy. After subarachnoid injections of india ink, Dandy and Blackfan 
were able to find no anatomical evidence of absorption of the carbon 
granules—an observation in accord with those of Quincke (56) and of 
Sicard and Cestan (62). 

It was with these contributions as a background that the writer (66), 
(67), (68) began his anatomical studies of the absorption of the cere- 
brospinal fluid. Critical examination of the preceding work was con- 
vincing in demonstrating a major venous absorption and a minor lym- 
phatie drainage of the liquid, but the reliable data were practically 
entirely physiological. Thus the observations regarding the rapid 
venous absorption of readily diffusible substances seemed wholly de- 
pendable but the anatomical evidence was satisfactory solely in demon- 
strating that insoluble particles (cinnabar, carbon) did not leave the 
subarachnoid space in any great amount. The only complete morpho- 
logical investigations were those of Key and Retzius; these were unsatis- 
factory because the injections were performed on dead material, the 
pressures employed were high (60 mm. Hg.) and the injection-mass was 
a viscous colloid (gelatine) colored with Berlin blue. It was felt that 
the experimental approach must be such that a subarachnoid injection 
of a true, isotonic solution of non-toxic foreign salts, capable of subse- 
quent precipitation in situ for histological examination and not d.ffusely 
staining cellular material, could be made in the living animal, under 
pressures not greatly in excess of the normal. With these criteria 
established, experiments were undertaken with subarachnoid injection 
of potassium ferrocyanide and iron-ammonium citrate in isotonic 
solution under pressures but slightly above the normal (130-180 mm. 
H.O). Subsequently the central nervous system, enclosed in meninges, 
was fixed in an acid medium; precipitation of the foreign salts as Prus- 
sian blue permitted adequate histological identification of the pathway 
taken. This method was found to meet all of the standards of investi- 
gation set. 

The experiments were carried out over periods of several hours in 
living anesthetized animals, with introduction of the isotonic foreign 
solution into the lumbar subarachnoid space. The spinal and basilar 
portions of the subarachnoid space were rapidly filled with the foreign 
solution but the cerebral portion of the space was not completely in- 
jected until the experiment had been continued for several hours. 
Histological examination demonstrated that the solution had not pene- 
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trated any of the cells lining the subarachnoid space; the precipitated 
granules adhered to the surfaces of the cells but were not within the 
cytoplasm. The foreign solution was found to have passed directly 
into the venous sinuses by way of the arachnoid villi into which the pre- 
cipitated granules could be traced from the cerebral subarachnoid 
space. These granules, representing the foreign solution, were found 
within the mesothelial cells covering the villi and the endothelial cells 
lining the venous sinuses, as well as within the lumen of the venous 
sinus, thus demonstrating the essential pathway of absorption. In no 
other place was there evidence of direct passage through a cell-mem- 
brane as in the villi. The mechanism of passage of this fluid seemed 
to be a process of filtration from a point of higher pressure (subarachnoid 
space) to a point of lower pressure (venous sinus), though the factors of 
osmosis and diffusion were not excluded. The absorption of true solu- 
tions from the cranial subarachnoid space was shown to be a much 
more efficient and rapid process than was the corresponding absorption 
from the spinal subarachnoid space. Suspensions of particulate matter 
were found, in agreement with the observations already recorded, to be 
retained within the meshes of the subarachnoid space. 

In addition to this major venous absorption through arachnoid -villi 
directly into the great dural sinuses, an accessory drainage by way of 
the lymphatic system was demonstrated. This seemed a much slower, 
less efficient means of absorption of the fluid, caring for but a small 
fraction of the total. Such lymphatic absorption was wholly indirect; 
the fluid reached the true lymphatic vessel only outside of the dura and 
then by way of perineural spaces. 

These anatomical findings, based on a standard of experimentation 
which approximated the normal, agreed largely with those of Key and 
Retzius, substituting however for the Pacchionian granulation the 
normal arachnoid villus. Further observations were made to ascertain 
the truth of the other anatomical hypotheses ventured for the absorption 
of cerebrospinal fluid: thus, no structure of a valve-like nature was found 
in many examinations of serial sections of the great dural sinuses. 
Mott’s theory of absorption by cerebral capillaries was excluded by the 
failure of the injection-fluid to pass into the perivascular system under 
conditions approaching the physiological. Dandy and Blackfan’s con- 
ception of a diffuse absorption by the vessels of the subarachnoid space 
was likewise found untenable, for in no case were the mesothelial cells 
covering these vessels penetrated by the foreign solution. The strongest 
argument in favor of the diffuse process of absorption advanced by 
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Dandy and Blackfan was that the excretion of phenolsulphonephthalein 
from the isolated spinal subarachnoid space was proportionately as great 
as from the whole cranial and spinal subarachnoid space. The tech- 
nique employed by Dandy and Blackfan involved withdrawal of an 
equivalent amount of cerebrospinal fluid from the isolated spinal sub- 
arachnoid space before injection of 1 ec. of the phenolsulphonephthalein 
solution. ‘The writer (67) believed that this substitution could not be 
made in this isolated space without increase in the spinal subarachnoid 
pressure and escape of the foreign dye into the epidural tissues. By 
reversing the experiment he was able to show that absorption of phenol- 
sulphonephthalein when introduced into the cisterna magna was as 
rapid when the spinal subarachnoid space was excluded as with the 
whole cranial and spinal subarachnoid space functioning. The cranial 
portion of the nervous system seems, therefore, to contain the efficient 
mechanisms for the absorption of cerebrospinal fluid. 

Since the publication of this work in 1914 there have been other 
observations regarding the absorption of the cerebrospinal fluid; all 
accord with this idea of a major venous absorption of the fluid. Thus 
Frazier and Peet’s (33) experiments with methylene blue, isamine blue, 
trypan red, trypan blue and phenolsulphonephthalein demonstrated the 
greater importance of the rapid venous absorption and the lesser of the 
slow lymphatic drainage. And Dixon and Halliburton (21), in the 
course of their studies of the cerebrospinal fluid, confirmed this general 
conception of the process, finding no escape of particulate matter from 
the subarachnoid space but a free and rapid absorption of true solutions. 
Between the two types there occurred a much slower absorption of 
colloidal solutions than of true solutions, the larger molecules being 
absorbed more slowly than the smaller. They concluded, as did also 
Halliburton (37) that ‘‘the fluid probably reached the venous sinuses 
by way of the microscopic arachnoid villi.” And recently the writer, in 
work as yet unpublished, has repeated certain phases of his original 
investigation of the pathways of absorption, with continuous observa- 
tions of the pressures of the cerebrospinal fluid and of the intracranial 
blood vessels. The results confirm in every way the conception of the 
mechanism here presented. 

Thus it seems fair to assume that the absorption of the cerebrospinal 
fluid is a twofold process, being chiefly a rapid drainage into the great 
dural sinuses, and in small part a slow indirect escape into the true 
lymphatic vessels. 
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THE PRESSURE OF THE CEREBROSPINAL FLUID 


Practically all of the methods of recording the pressure of the cere- 
brospinal fluid deal with connection of the subarachnoid space to an — 
open or membrane manometer. It is very difficult with any of the pro- 
cedures to avoid the loss of a few drops of fluid, but by immediate re- 
placement of this liquid and by the use of manometers filled to the esti- 
mated level of the fluid, the pressures obtained by these simple methods 
may be accepted as accurate. 

Very few, if any, of the early records of the pressure of the cerebro- 
spinal fluid were sufficiently controlled to permit direct comparison with 
the data obtained by recent workers. As examples of the variation in 
the pressures recorded by the earlier investigators, the following deter- 
minations may be given: Key and Retzius (43), 162 to 216 mm. H.O 
in inspiration and 216 to 270 mm. H.O in expiration, in etherized dogs; 
Bergmann (4, 5), 80 mm. HO in his first observations and in his second 
series, 120 to 160 mm. of salt solution in narcotized dogs; Falkenheim 
and Naunyn (26), 100 to 150 mm. HO in curarized dogs; and Leyden 
(45), 80 to 150 mm. and 100 to 120 mm. H2O in dogs under morphia. 
Leonard Hill (39) believed, however, that the intracranial tension might 
vary from zero to 50 mm. Hg. and that the variations reported by the 
earlier observers were but expressions of this characteristic of the intra- 
cranial pressure.'! Hill’s idea of variability in the normal pressure of 
the cerebrospinal fluid seemed supported by the observations of Dixon 
and Halliburton (20), who reported 40 to 70 mm. of salt solution as a 
rough average of the normal pressures obtained in the dog under mor- 
phine-urethane anesthesia. And in a single detailed protocol presented, 
the pressures at 5-minute intervals ranged as follows: 95, 25, 30,35, 55, 
25, 80, 65, 65, 65, 75, 70, 60, 55, 50, 80, 90 mm. of 10 per cent citrate 
solution. 

The most recent work, particularly by American investigators, has 
given much better knowledge of the range and variability of the normal 
pressure of the cerebrospinal fluid. Weed and McKibben (75) reported 
an initial average of 119 mm. of Ringer’s solution in cats anesthetized 
by intratracheal ether, and an extreme constancy of the pressure of the 
cerebrospinal fluid under such experimental conditions. Becht (1) 
found considerable fluctuation in the pressure of the fluid in etherized 
dogs but of lesser extent than did Dixon and Halliburton; his average 


1 Within the limits of the physiological phenomena investigated, intracranial 
pressure may be considered to be identical with that of the cerebrospinal fluid. 
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pressure of 112 mm. (sodium chloride solution of specific gravity of 
1.088) was derived from 39 dogs under intratracheal ether. Foley and 
Putnam (31) presented a slightly higher average of 127 mm. for the 
normal reading in animals under ether while the average of 100 animals 
under various anesthetics was 133 mm. of cerebrospinal fluid; no com- 
ment upon the extent of normal fluctuations of the fluid pressure was 
made. And recently Weed and Hughson (72) have reported an average 
pressure of 119 mm. of Ringer’s solution for 77 cats under ether by 
Woulfe bottle; the fluctuations in the pressure under the experimental 
conditions were very slight in extent (11 mm. in an animal under ob- 
servation for 2 hours). 

The question of greatest physiological interest in this phase of the 
general problem is that of the maintenance of this pressure of the cere- 
brospinal fluid. All of the conceptions of the mechanism for the main- 
tenance of this pressure are based primarily upon the rigid character 
of the bony coverings of the nervous system. This idea that the cere- 
brospinal axis is situated within a “‘closed box,” to which the physical 
laws of such a system apply, was first advanced in 1783 by Alexander 
Monro (51). Monro believed that the substance of the brain, like that 
of other solids of the body, is nearly incompressible and is ‘enclosed 
in a case of bone,” assuring therefore the constancy of the intracranial 
blood content. The development of this hypothesis by Kellie (42) in 
1824 led to wide acceptance, and the Monro-Kellie doctrine with but few 
alterations has served as the basis upon which the physiology of the 
intracranial contents has been interpreted. The doctrine was modified 
by the introduction of the cerebrospinal fluid into the consideration by 
Burrows (7) under the influence of Magendie’s epochal studies; the 
hypothesis was then formulated by Burrows as follows (p. 32): ‘‘the 
whole contents of the cranium, the brain, the blood and this serum 
(cerebrospinal fluid) together, must be at all times nearly a constant 
quantity.” 

Many physiologists have subjected this Monro-Kelllie doctrine to 
experimental proof not only in dead but in living animals; while diver- 
gent conclusions have been arrived at, the general consensus of opinion 
expressed in the literature of the last century has been in favor of the 
hypothesis. And in the hands of recent workers a similar unanimity 
of expression holds though occasional investigators express doubt as 
to the accuracy of the premise. Lately, Weed and Hughson (73) have 
experimentally demonstrated the essential truth of the doctrine that 
(p. 99) ‘‘the bony coverings of the central nervous system constitute 
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within tested physiological limits, inelastic and rigid containers; the 
ordinary physical laws of a ‘closed box’ may therefore be applied to the 
cranium.”’ And with appreciation of the variability in volume of the 
constituents, the hypothesis may be stated, as was done by Weed and 
Mckibben (76, p. 553): ‘‘the cranial cavity is relatively fixed in volume 
and is completely filled by brain, cerebrospinal fluid and blocd; varia- 
tions in any one of the three elements may occur, compensation being 
afforded by alteration in the volume of one or both of the remaining 
elements.” 

With the cranium and vertebral column serving as rigid containers, 
the relation of the intracranial vascular pressures to the pressure of the 
cerebrospinal fluid requires immediate consideration. Current physio- 
logical conceptions of these intracranial mechanisms really date from 
the work of Leonard Hill (39) who advanced the idea that intracranial 
pressure is (p. 71) ‘‘the same as cerebral venous pressure, and varies 
in the same direction absolutely as general venous pressure, and pro- 
portionately as general arterial pressure.”’ Hill’s technical procedures 
consisted in determing cerebral venous pressure in the toreular Hero- 
phili and cerebrospinal fluid pressure in the occipital region. 

The emphasis placed by Hill upon this equality of pressure dominated 
physiological opinion for over fifteen years; it was not until the publica- 
tion of Dixon and Halliburton (20) in 1914 that contradictory evidence 
was presented. Using experimental procedures essentially similar to 
those of Hill, Dixon and Halliburton demonstrated that the cere- 
brospinal fluid pressure is not identical with that of the dural venous 
sinus, and stated that the fluid pressure is (p. 153) “‘influenced passively 
to a small extent by changes in the arterial and venous pressures but 
such alterations are insignificant compared with the independent 
changes in pressure which occur as the result of secretory activity.” 
These investigators also showed that increase in the cerebrospinal fluid 
pressure produced a passive increase in the cerebral venous pressure 
but not of the same extent; conversely, alteration of the cerebral venous 
tension caused similar though not identical alteration in the pressure 
of the cerebrospinal fluid. Under normal conditions the arterial pres- 
sure was found by Dixon and Halliburton to be higher than the intra- 
cranial venous pressure which in turn was always higher than that of the 
cerebrospinal fluid. 

Becht (1), employing somewhat similar methods, came to conclusions 
in some respects at variance with those of Dixon and Halliburton though 
confirming the general contention of inequality of cerebrospinal fluid 
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pressure and cerebral venous pressure. Becht stated that the cerebro- 


spinal fluid pressure was dependent upon both intracranial arterial and 
venous pressures, though not identical with either. The data obtained 
indicated that either the cerebral venous (torcular) or cerebrospinal 
fluid pressure might be the higher but that usually the former exceeded 
the latter. Passive changes in the torcular pressure were found to affect 
the pressure of the cerebrospinal fluid, in the same direction but not to 
the same extent; but within fairly wide limits changes of the cerebro- 
spinal fluid pressure were not believed to alter the pressure of the 
torcular. 

The observations of these recent Workers were all carried out with 
fairly similar technical procedures, particularly for the determination 
of venous pressure in the torcular Herophili. The very wide divergences 
in these normal pressures (13 to 601 mm. in Becht’s series) indicate 
that the method is subject to many experimental defects. Weed and 
Hughson (74), with these technical disadvantages in mind, devised a 
simple method for recording intracranial venous pressure in the superior 
sagittal sinus as it empties into the torcular. The procedure possessed 
the very distinct advantage of permitting direct observations of the 
effect of the manipulative procedure upon the pressure of the cerebro- 
spinal fluid, thus affording control of artificial increases in the pressure 
of the cerebrospinal fluid due to venous obstruction in the cranium. 
With such technical controls, Weed and Hughson were able to show that 
in practically every case the pressure of the cerebrospinal fluid was 
considerably above: (5-50 mm.) that of the sagittal sinus. They also 
presented data which indicated, in accordance with the findings of 
Dixon and Halliburton and of Becht, that alteration in intracranial 
venous pressure effected alterations in the pressure of the cerebrospinal 
fluid in the same direction but of lesser magnitude. Conversely it 
was shown, in agreement with Dixon and Halliburton, that within the 
physiological limits tested, alteration in the pressure of the cerebrospinal 
fluid caused changes of lesser extent but of the same direction in the 
sagittal venous pressure. 

This conception, advanced by Weed and Hughson, that the pressure 
of the cerebrospinal fluid is practically always above that of the cerebral 
veins, alone affords basis of explanation for Wegefarth’s experiments. 
Wegefarth (77) demonstrated that an experimental communication 


between subarachnoid space and superior sagittal sinus remained patent, 


without hemorrhage into the meningeal cavities, for at least 4 days. 
Removal of cerebrospinal fluid in these animals, however, resulted in 
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immediate intrameningeal hemorrhage. Such an observation, free from 
the errors of recording instruments, can be explained only on the basis 
that normally the pressure of the fluid is above that in the sinus or that 
the former is constantly being reduced toward the latter. 

Analysis of the reliable data concerning these normal relationships 
seems convincing in demonstrating that the pressure of the cerebrospinal 
fluid practically always exceeds that of the superior sagittal sinus. In 
no sense may the two pressures be regarded as identical, for such an 
identity of pressures is found only in animals in which the technical. 
procedures have resulted in the production of direct communications 
between sinus and meningeal spaces. In the normal animal intracranial 
arterial pressure is a factor of importance in the maintenance of the 
pressure of the cerebrospinal fluid, though slight or slowly effected 
changes in this arterial tension have but little influence upon the fluid 
pressure. Thus while dependent upon both intracranial arterial and 
venous pressures and while influenced passively and in the same diree- 
tion by both, the pressure of the cerebrospinal fluid may be considered 
to be relatively independent of both in that normally it maintains an 
individual, fairly constant level far below that of the intracranial 
arteries and somewhat above that of the intracranial veins. 

It becomes desirable, then, to ascertain the factors which determine 
the level of the cerebrospinal fluid pressure, but in this inquiry there are 
practicaily no data available and the problem becomes speculative. Yet 
it is instructive to think of the cerebrospinal fluid as being largely elabo- 
rated by the cells of the choroid plexuses where the pressure in the 
blood capillaries is estimated at from 40 to 60 mm. Hg. On the outer 
side of these cells is the cerebrospinal fluid with its pressure of 110 to 
130 mm. of Ringer’s solution. After circulating through the cerebral 
ventricles and subarachnoid space this fluid is largely returned into the 
venous sinuses of the dura where the pressure (as determined in the 
superior sagittal sinus) is below that of the cerebrospinal fluid (as de- 
termined in the cisterna magna). On such a basis the normal mecha- 
nism for the absorption of this characteristic body liquid may well be a 
simple process of filtration though the factors of osmosis and diffusion 
are not excluded in the passage of the fluid through the cell-membrane 
of the arachnoid villus. No determinations of the pressure of the cere- 
brospinal fluid in the arachnoid villus have been made but it is unlikely 
that this pressure is markedly different from that of the cisterna magna. 
Obstruction to any part of the pathway of the fluid results in raising 
intraventricular tension (cf. Nafiagas (53)) thus demonstrating that 
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cerebrospinal fluid can be produced against higher pressures than nor- 
mally exist in the cerebral ventricles. The normal pressure therefore 
may be largely determined by the balance between the constant new 
production within the cerebral ventricles and the absorption into the 
dural sinuses: this pressure of the cerebrospinal fluid becomes dependent 
also upon intracranial arterial and venous pressures, not only because 
of the relation of these latter pressures to the production and absorption 
of the fluid, but because of the constancy of volume of the intracranial 
contents. 


MODIFICATION OF THE PRESSURE OF THE CEREBROSPINAL FLUID 


During the past ten years a number of investigators has studied the 
alterations in pressure of the cerebrospinal fluid effected by the intro- 
duction of various substances into the blood stream or alimentary canal. 
The subject-matter naturally differentiates itself from the purely 
mechanical modifications effected by pressure-changes in the cerebral 
blood vessels. The general findings in this latter group of experiments 
have been presented in the foregoing section of this review; the pressure- 
changes effected in the cerebrospinal fluid by solutions of various con- 
centrations and by certain pharmacological agents and tissue extracts 
will be discussed here. 

Solutions of various concentrations. In 1919 Weed and McKibben (75) 
reported that the pressure of the cerebrospinal fluid could be markedly 
altered by the intravenous injection of solutions of various concentra- 
tions. It was shown that such administration of strongly hypertonic 
solutions lowered the pressure of this liquid to an extreme degree, fre- 
quently producing negative values; with hypotonic solutions (distilled 
water) a prolonged rise in the pressure of the fluid was obtained. 
Ringer’s solution in large doses produced a temporary increase in the 
pressure of the cerebrospinal fluid, followed quickly by a return to nor- 
mal levels. Accompanying these changes in fluid pressure, Weed and 
McKibben (76) found marked alterations in the volume of the brain, 
the hypertonic solution producing a small shrunken brain while the 
hypotonic solution caused an outspoken swelling of the brain-substance. 
The experimental changes in brain volume were particularly pro- 
nounced in animals in which the cranial cavity had been opened by 
trephining. 

These physiological findings have since been abundantly confirmed 
and clinical applications of the phenomena have been developed. 
Cushing and Foley (15) demonstrated that similar alterations in the 
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pressure of the cerebrospinal fluid could be brought about by the inges- 
tion of hypertonic and hypotonic solutions. Subsequently Foley and 
Putnam (31), after verifying the original conclusions, studied similar 
changes in the pressure of the cerebrospinal fluid which were effected 
by the intra-intestinal administration of these solutions of various 
concentrations. And Sachs and Malone (60) reported observations 
upon the decrease of brain volume caused by the intravenous injection 
of strongly hypertonic solutions. In addition to these papers, there has 
appeared a number of reports of clinical application of this experimental 
modification of fluid pressure or brain bulk—notably those of Cushing 
and Foley (15), Sachs and Belcher (59), Ebaugh and Stevenson (22), 
Foley (30) and Hughson (40). 

Recently Weed and Hughson (72), (74) have extended the original 
observations of Weed and McKibben (75); in addition to confirming 
the initial work in detail, they have presented data showing the general 
systemic and intracranial vascular alterations effected by these agents. 
These observations were made over periods of from 2 to 7 hours, under 
adequate experimental conditions in which the pressures recorded (cere- 
brospinal fluid, carotid artery, superior sagittal sinus, superficial bra- 
chial vein) remained surprisingly constant. The intravenous injection 
of a large quantity of Ringer’s solution was shown to cause a temporary 
rise in the pressure of the cerebrospinal fluid with increases in both 
sagittal and brachial venous pressures, the former being the greater. 
At the end of the injection-period all of these pressures tended to return 
to their previous levels, normal pressures customarily being attained 
within 30 minutes. After the intravenous injection of distilled water 
in similar amount, a prolonged rise in the pressure of the cerebrospinal 
fluid occurred, accompanied by alterations in both sagittal and brachial 
pressures. Both of these venous pressures increased during the period 
of injection and for a few minutes thereafter, the sagittal outstripping 
the brachial; within 30 minutes these pressures were usually returned 
to their pre-injection levels, though the pressure of the cerebrospinal 
fluid was still elevated. With the intravenous injection of strongly 
hypertonic solutions, the pressure-alterations were most striking, the 
cerebrospinal fluid, after a frequently occurring rise during the interval 
of injection, dropping markedly and often exhibiting extreme negative 
values. The pressure in the superficial brachial vein rose during the 
‘ period of the hypertonic injection and then rapidly resumed its pre- 
injection level or a new level slightly below. More significant were the 
alterations in sagittal venous pressure: here the reaction during the 
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period of injection depended largely on the reaction of the pressure of the 
cerebrospinal fluid, but following this the sagittal pressure was always 
lowered to a greater extent than was the brachial venous pressure. 

These experiments afforded a unique opportunity for study of the 
mechanisms which normally control the pressure of the cerebrospinal 
fluid. Analysis of the data demonstrated that alterations in the pres- 
sure of the cerebrospinal fluid could be effected and maintained indepen- 
dently of change in the intracranial and systemic vascular pressures. 
The most striking similarities in reactions were those between the pres- 
sure of the cerebrospinal fluid and that of the brachial vein and sagittal 
sinus; after the injection of Ringer’s solution or of distilled water they 
exhibited somewhat the same alterations, differing not only in magni- 
tude but in duration. After the intravenous injection of hypertonic 
solutions, however, the relationships of the pressures were markedly 
altered, with the pressure of the cerebrospinal fluid profoundly lowered, 
the sagittal venous considerably and the brachial venous but little if 
at all. Both brachial and sagittal venous pressures were found to be 
lower than the pressure of the cerebrospinal fluid in the control- 
periods; this relationship held after the injection of isotonic and hypo- 
tonic solutions but was reversed when hypertonic solutions were given. 
Arterial changes, when slowly brought about, caused little if any altera- 
tion in the pressure of the cerebrospinal fluid, but when abrupt, their 
influence was marked. 

The changes in the pressure of the cerebrospinal fluid, effected by 
the intravenous injection of solutions of various concentrations, must in 
the final analysis find their explanation in the alteration of the osmotic 
pressure of the circulating blood. The injection of a large volume of an 
isotonic solution was followed by a short-enduring rise of the cerebro- 
spinal fluid pressure which subsided in approximately the same time- 
interval required for the pressure-changes effected by the hypertonic 
and hypotonic solutions to reach their maxima. The usual time for 
maximal reaction of the pressure of the cerebrospinal fluid was noted 
to be from 25 to 35 minutes after the end of the intravenous injection; 
in this interval the organism was attempting to compensate for altera- 
tion in the volume and salt-content of the blood. With the isotonic 
solutions, the compensation was one for increased volume of fluid only; 
this compensation, if judged by the time of return of the cerebrospinal 
fluid pressure to normal, was rapidly achieved. When, however, not 
only the volume of the circulating blood was increased but its salt-con- 
tent relatively diminished as by the intravenous injection of distilled 
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water, two processes of adjustment proceeded. The blood tended to 
reéstablish its normal salt-content by passage of water into the tissues 
and possibly into some of the body-fluids, and by attraction of salts 
from these places; and it also tended to compensate further by altera- 
tion of the vascular bed. The increase in the pressure of the cerebro- 
spinal fluid and in the brain volume may be taken to be a rough index 
of the passage of fluid from blood vessel to tissue; the return of the 
vascular pressures to normal levels while the pressure of the cerebro- 
spinal fluid remained high, indicated the completion of certain of the 
phases of readjustment. In the readjustments effected by the organism — 
to the injection of hypertonic solutions, there were somewhat similar 
phases, yet differing because the great increase of fluid-volume in the 
circulating blood was not immediate but was due to the attraction of 
water from the body-tissues and possibly from the body-fluids—a phe- 
nomenon shown by the decrease in brain volume and by the reduction 
of the pressure of the cerebrospinal fluid. 

Such an explanation of the phenomena reported leads one naturally 
to a consideration of the rdle played by the osmotic pressure of the blood 
in the normal process of absorption of the cerebrospinal fluid. And 
intimately connected with such a problem is that of the volume of the 
brain in its relation to the intracranial pressure. At the present time 
there are available no data which will permit of exact statement; it 
must be realized that the osmotic changes in the blood, effected by such 
relatively large injections of solutions of various concentrations, are 
probably beyond the ordinary physiological limits of change. But if 
one may judge merely by the anatomical and physiological evidence 
afforded by subarachnoid injection of isotonic foreign solutions, osmosis 
and diffusion play subordinate réles in the normal process of absorption 
of the cerebrospinal fluid into the blood stream. 

Pharmacological agents and tissue extracts. Most of the work done on 
this subject has been actuated by the tenet that alteration in the pres- 
sure of the cerebrospinal fluid, without significant change in intracranial 
vascular pressures, affords a more reliable means of determining the 
effect of these various agents upon the rate of production of the fluid 
than the outflow method. While logically this subject should perhaps 
be discussed under the heading of the modification of the rate of elabora- 
tion of the liquid, it may properly be treated here as an experimental 
alteration of the fluid pressure. 

It may be stated at the outset that there is no unanimity of opinion 
regarding the effect of either pharmacological agents or tissue extracts 
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upon the pressure of the cerebrospinal fluid, without significant altera- 
tion in intracranial arterial or venous pressures. Dixon and Halli- 
burton (20) found that extracts of the choroid plexus, chloroform, ether, 
urethane, carbon dioxide, amyl nitrite, pilocarpine and other drugs 
caused a “‘secretory rise” in cerebrospinal fluid pressure which was 
independent of the intracranial vascular alterations. Becht (1) has 
investigated the subject from the same angle, using methods somewhat 
similar, and has stated that (p. 124) “‘all the changes in the fluid pressure 
and in the fluid outflow which have been offered as proof of the secretory 
mechanism of formation of the cerebrospinal fluids can be traced to 
alterations in venous and arterial pressures in the skull.”’ Similar con- 
clusions have been reached by Becht and Matill (3) and by Becht and 
Gunnar (2). 

With this conflicting evidence it is of course impossible to do other 
than reserve opinion in the matter. But certain aspects of the con- 
troversy may be commented upon. Dixon and Halliburton and Becht 
determined cerebral venous pressures in the torcular Herophili—a meth- 
od which because of the wide divergences in normal pressures reported 
does not seem adequate though qualitative changes in the pressures are 
probably fairly accurately shown. While the simple manometric meth- 
od has been modified by Becht and Gunnar (2), it still has certain 
limitations in determining a true change in rate of production of cere- 
brospinal fluid. Of these, the fact that the normal channels of absorp- 
tion are intact and functioning is the most obvious though Becht has 
minimized the weight of this objection. There is however a much 
more formidable disadvantage in that the manometric method cannot 
take into account the experimental alteration of the volume of the brain. 
The pressure-changes in the cerebrospinal fluid, effected by the intra- 
venous injection of distilled water, appear to fulfil, after the period of 
acute vascular change, all of the conditions necessary for the determina- 
tion that the injection has caused an increased production of fluid—a 
markedly elevated cerebrospinal fluid pressure with intracranial vascular 
pressures at the pre-injection levels. The outspoken increase in brain 
volume under such conditions, however, may well be the sole explana- 
tion of the phenomenon; until the experimental variations in brain 
volume are more fully understood, the evidence obtained by the mano- 
metric method should be accepted only with reservations. 
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MODIFICATION OF RATE OF OUTFLOW OF CEREBROSPINAL FLUID 


That certain pharmacological substances may modify the rate of 
flow of cerebrospinal fluid from a cannula introduced into the subarach- 
noid space was first determined by Cappelletti (9) in 1900. Employ- 
ing Cavazzani’s (11) method of making a fistula into the cistern region, 
Cappelletti showed that ether given by intratracheal tube in a curarized 
dog increased the rate of flow of the fluid from 0.15 to 0.35 grams per 15- 
minute interval to 4.72 grams for the same interval. A second, a third 
and a fourth administration gave momentary increases but not of the 
same extent as the initial. Similar positive results were obtained with 
pilocarpine, but the increases though obvious were not marked. Very 
slight augmentation of the rate of outflow was also obtained with amyl 
nitrite, while atropine and hyoscyamine caused a decrease and on repeti- 
tion a cessation of the outflow. 

Pettit and Girard (55) immediately confirmed and extended these 
experimental findings of Cappelletti, including in their studies histologi- 
cal examination of the choroid plexuses. And Meek’s (49) observations 
were likewise entirely confirmatory. The scope of the investigation 
was widened in 1913 by Dixon and Halliburton (19) who studied the 
effect of a large number of substances upon the rate of outflow of cere- 
brospinal fluid from an occipito-atlantoid cannula. They were able to 
classify the substances into four groups according to their effect on this 
rate of outflow, placing the volatile anesthetics, alcohol, carbon dioxide 
and extracts of choroid plexus and of brain in the group which caused 
marked increase in secretion. Slight increases in the outflow were found 
to be caused by large injections of water or of normal saline, cholesterin, 
kephalin, atropine, pilocarpine and amyl nitrite. In the large third 
group of substances which caused no increase or a diminution of secre- 
tion were included extracts of the pituitary, of mussel, of pineal and of 
pia mater, glucose, urea, lecithin, etc., while in the last group where the 
effect was possibly masked by vascular or respiratory changes, were 
muscarin, pilocarpine, adrenalin, etc. 

Shortly thereafter Dandy and Blackfan (18), obtaining cerebrospinal 
fluid by introduction of a special cannula through the atlas, found 
marked accelerations of the rate of output of cerebrospinal fluid follow- 
ing administration of ether and slight augmentations after pilocarpine. 
With amy] nitrite and extracts of choroid plexus and of posterior lobe 
of the hypophysis, no change in the rate of output of the fluid was 
observed. 
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Realizing the limitations of this technique in that the normal channels 
of absorption were intact and that the intracranial pressure was reduced 
to the resistance of the needle, Weed and Cushing (71) in 1915 cathete- 
rized the third ventricle and studied the outflow from the catheter 
whose resistance was established at approximately normal pressure of the 
fluid. In addition, cerebrospinal fluid was obtained by callosal and oc- 
cipito-atlantoid punctures with needles of similarly standardized resist- 
ances. Under these circumstances the intravenous injection of extract of 
posterior lobe of the hypophysis was found to increase the outflow of 
cerebrospinal fluid. This finding was explained by Dixon and Halliburton 
(21) on the basis that the hypophysial extract had caused a contraction 
of the bronchioles and consequent asphyxia. Dixon and Halliburton | 
used an intermittent blast for their artificial respiration while Weed and 
Cushing employed intratracheal insufflation: it seems questionable 
whether this explanation of the finding will suffice. 

At this time also, Frazier and Peet (34) reported that brain-extract 
increased the secretion of the cerebrospinal fluid as determined by out- 
flow and that thyroid extract decreased it, independently of any vascular 
changes. 

The later studies of the effect of these substances upon the rate of 
production of cerebrospinal fluid have been made by the manometric 
method and have been discussed in the preceding section of this review. 
The limitations of the outflow method were realized by Weed and Cush- 
ing (71) in 1915; their modifications introduced control for some of the 
sources of error but were incomplete. As Becht (1) has pointed out, 
practically all of this work is of no scientific value because of failures to 
record simultaneously the intracranial arterial and venous pressures. 
Using this standard but employing the manometric method, Becht and 
Matill (3) have concluded that there is no indisputable evidence that 
the tissue extracts tested have a specific action on the cerebrospinal 
fluid. And recently Becht and Gunnar (2) reported that adrenalin, 
pituitrin, pilocarpine and atropine did not increase the production of 
cerebrospinal fluid, as determined by manometer readings. It is true 
that the method of recording the rate of outflow of cerebrospinal fluid 
from a cistern cannula, even with careful determinations of intracranial 
vascular pressures, yields unreliable data, but in many ways, also, the 
manometric method fails. Both of these methods, which at the present 
time are the only technical approaches to the problem, are of question- 
able value because they both fail to take account of the experimental 
variation in brain-bulk. When a method which will permit of actual 
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determination of this variable brain bulk, with observations also of 
cerebrospinal fluid pressure and with a record of intracranial vascular 
pressures, is devised, data of conclusive value will be obtained. And 
yet one cannot but lay stress upon the changes in the choroidal epithe- 
lium recorded by Pettit and Girard (55) after the injection of pilocarpine, 
Likewise, as first reported by Cappelletti (9) and since noted by many 
workers, the rapidly decreasing responses to ether and pilocarpine sug- 
gest strongly that the accelerations of flow of cerebrospinal fluid under 
these conditions were not due solely to vascular alteration, for such 
ready fatigability would not seem to be associated with a vasomotor 
reaction. 

In this connection it is interesting to speculate upon the possibility 
of modification of the rate of elaboration of the cerebrospinal fluid, after 
the intravenous injection of solutions of various concentrations. There 
is as yet no evidence of value in this regard, though Foley and Putnam 
presented data which suggested that after the injection of a strongly 
hypertonic solution, a new ratio between the rate of production and 
absorption of the cerebrospinal fluid became established. But the final 
elucidation of this phase of the problem will require additional work 
before definite conceptions are acquired. 


RELATIONSHIP OF CEREBROSPINAL FLUID TO NERVOUS SYSTEM 


Many phases of the relationship existing between the central nervous 
system and the cerebrospinal fluid are of utmost significance in the 
present discussion. Filling the cerebral ventricles and central canal of 
the spinal cord, the fluid also completely surrounds the cerebrospinal 
axis in the subarachnoid space. This double relationship has prompted 
many observers to look upon the cerebrospinal fluid as constituting a 
fluid-cushion for the central nervous system within the closed system of 
cranium and vertebral column. It has also prompted other workers to 
liken the cerebrospinal fluid to the lymph of the nervous system—a 
conception which in the light of present knowledge of the lymphatic 
system is untenable. 

Halliburton (37), in a recent lecture, declared that the cerebrospinal 
fluid serves as the lymph of the brain, though clearly differentiating it 
from the true lymph of the lymphatic vessels. It seems likely that such 
a designation, even when correctly qualified as Halliburton has stated 
it, is apt to introduce error. All modern investigators of the lymphatic 
system are agreed that true lymphatic vessels do not exist within the 
dura mater; the older descriptions of such lymphatic vessels were actu- 
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ally descriptions of intradural tissue-channels, subpial tissue-channels, 
or arachnoidal cell-columns within the dura mater. As Sabin (58) has 
pointed out, our knowledge of the lymphatic system has advanced so 
that it becomes now necessary to restrict the term “‘lymph’’ to the fluid 
contained within true lymphatic vessels and not to use it to designate 
any body-fluid. 

But in one respect the cerebrospinal fluid does function as an acces- 
sory fluid to the central nervous system. In foregoing sections the 
drainage of the fluid contained within the perivascular channels toward 
the subarachnoid space has been commented upon; this fluid really 
becomes added to the ventricular cerebrospinal fluid in the subarach- 
noid space. In that sense, then, these perivascular spaces represent 
accessory drainage channels, uninterrupted by cell-membranes and 
capable of carrying toward the subarachnoid space the waste products of 
nerve-cell activity. Lacking a true lymphatic system, the nervous 
tissue apparently makes use of these perivascular channels as pathways 
for fluid elimination. 

The ultimate connection of these perivascular channels with potential 
spaces about each nerve-cell indicate the close relationship between the 
cerebrospinal fluid and the nervous system. And in addition to these 
rather obvious fluid spaces about the nerve-cells, there is evidence 
indicating that this fluid-system is intimately connected with the general 
tissue-channels through the ground-substance of the brain. The 
general direction of flow of this fluid under normal conditions seems to 
be toward the subarachnoid space. 

But under certain conditions this direction of flow may be reversed 
so that the cerebrospinal fluid passes from subarachnoid space to nerve- 
cell. The first of these conditions is that of cerebral anemia in which, 
as Mott (52) showed by histological study, all of the perivascular, 
pericapillary and perineuronal spaces are dilated. The author (68) 
made use of this phenomenon as a means of injecting this perivascular 
system from the subarachnoid space. The second of these conditions 
under which the perivascular flow is toward nerve-cell, is brought about 
by the intravenous injection of strongly hypertonic solutions. This 
phenomenon was first noted by Weed and McKibben (76) who supplied 
a foreign solution of sodium ferrocyanide and iron-ammonium citrate 
to the subarachnoid space at the time when the cerebrospinal fluid 
pressure was approaching zero, following the intravenous injection of a 
strongly hypertonic solution. This foreign solution was subsequently 
found (p. 536) ‘‘to have passed from the subarachnoid space along the 
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perivasculars into the substance of the nervous system, reaching the 
interfibrous spaces in the white matter and the pericellular spaces in 
the gray.” These observations were interpreted as indicating that, 
under the influence of the intravenous injection of the strongly hyper- 
tonic solution, the dislocation of a considerable quantity of cerebro- 
spinal fluid into the nervous system occurred. 

Foley (29) has subsequently carried out experiments quite similar to 
those reported by Weed and McKibben, using the same foreign salts 
for subarachnoid introduction and intravenous injections of strongly 
hypertonic solutions. In addition to the findings already detailed, 
Foley obtained evidence of a retrograde absorption not only by epen- 
dyma but by choroid plexuses. The absorption by the ependyma is 
amply verified by the work of Wislocki and Putnam (79) and Nafiagas 
(53), but these latter workers, using careful histological control, have 
been unable to obtain evidence of absorption of the foreign salts by 
the choroid plexuses. 

And in work as yet unpublished the writer has repeated many of his 
earlier experiments done with McKibben, with findings confirmatory in 
every regard. The intracranial vascular and the cerebrospinal fluid 
pressures have been determined both before and throughout the period 
of subarachnoid introduction of the foreign solution, so that definite 
physiological control is afforded. The results indicate that with the 
increase of osmotic pressure of the blood, due to the intravenous injec- 
tion of hypertonic solutions, the cerebrospinal fluid is aspirated into the 
shrinking nervous system, chiefly along the perivascular channels but 
also through the ependymal lining of the ventricles. Along these chan- 
nels, under this extraordinary osmotic pull, actual absorption of 
the fluid into the vessels of the nervous tissue takes place. The 
findings suggest a reversal, following the injection of the hypertonic 
solution, of the normal processes; the osmotic pressure of the blood 
stream, under these conditions, seems to be a determining factor in the 
absorption of the cerebrospinal fluid. Interpretation of certain of the 
experimental observations makes it seem likely that diffusion also plays 
a part in the process. 


RESUME 


The limitations of this review have made it impossible to more than 
rather briefly discuss a few of the many problems connected with the 
cerebrospinal fluid. Many equally absorbing phases have been 
untouched for one or another reason but an attempt has been made to 
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indicate the type of evidence which has furnished the working’ hypotheses 
and to point out the limitations of the procedures on which so waaay 
conclusions have been based. 

Our present knowledge of the processes of the cerebrospinal fluid in 
many respects is inadequate. The conception that this characteristic 
body-fluid is largely produced by the intraventricular choroid plexuses 
is based not on any single conclusive piece of evidence but on a 
mass of suggestive data; when considered from all standpoints, however, 
the hypothesis seems today well established. The current ideas regard- 
ing the circulation of the fluid through cerebral ventricles and sub- 
arachnoid space are founded largely on exact anatomical evidence, 
particularly in regard to the structure of the meninges and the use of 
these intrameningeal channels as fluid-pathways. And likewise, there 
are firm and reliable data of an anatomical and physiological nature 
supporting the contention that the cerebrospinal fluid is absorbed 
largely into the venous system and to a lesser extent into the lymphatic 
channels. It is possible now to discard the hypothesis of equality 
between the cerebrospinal fluid pressure and that of the cerebral veins, 
and to regard the cerebrospinal fluid as being maintained at an indi- 
vidual, relatively independent pressure at fairly constant levels above 
that of the sagittal venous sinus. The conceptions of pressure-changes 
effected by the intravenous injection of solutions of various concentra- 
tions are substantiated by dependable observations, but it does not seem 
as yet justifiable to accept, without further control, the data furnished 
in regard to similar changes brought about by administration of phar- 
macological agents and tissue extracts. And the same cautions may 
be urged in regard to the acceptance of conclusions based on the effects 
of various agents upon the rate of outflow of the fluid. 

Yet these problems are but few of the many fascinating subjects of 
investigation in this field. The interesting questions of the chemical. 
composition of the fluid have not been discussed: is the cerebrospinal 
fluid a true secretion, a transudate, or a modified dialysate? Likewise, 
the long-debated problems of the passage of foreign salts, of drugs, etc., 
from blood stream into the fluid must be left for future review, though 
with possibly a note of suggestion that these investigations be carried 
out with control of the cerebrospinal fluid pressure. And so may the — 
many other partially answered questions centering about this fluid be 
enumerated. 

But in this field of research the work of the next few years will solve 
certain problems; yet the solution of these will but expose wider fields 
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for examination. Here, as in countless other investigations, the study of 
structure must proceed hand in hand with the study of function, 
for many of the erroneous conceptions introduced into the literature of 
the cerebrospinal fluid have been due to failure to give regard to one or 
other of these basic factors. Future investigations will be the more 
profitable if the studies be largely along the lines of physiological- 
anatomical control. 
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MILK SECRETION AS RELATED TO DIET! 
EDWARD B. MEIGS 


From the Research Laboratories of the Dairy Division, United States 
Department of Agriculture 


The following will serve as a rough outline of the various kinds of 
experiments which have been carried out to throw light on the physi- 
ology of milk secretion as related to diet. 

1. Experiments on the chemistry of the various food materials and 
of milk. A review of the chemistry of milk was published by Raudnitz 
in 1903 (97). 

2. Experiments in which the quantity of particular constituents of 
the food was varied while the composition and yield of the milk were 
studied. 

3. Experiments in which the income and outgo of various nutritional 
elements and compounds were studied by determining their quantity 
simultaneously in the food and in the milk and excreta. Such experi- 
ments have been used to throw light on a great number of problems; 
as, for instance, on the digestibility of various compounds, and on the 
quantities of these required to supply a given milk production, on the 
manner in which a lactating animal responds to a shortage of some 
particular compound in the diet, and on such questions as whether milk 
fat can come from the carbohydrate or protein of the diet. 

4, Experiments on the chemistry of the biood of milking animals. 
For some time past efforts have been made to determine in this way in 
what chemical form the immediate precursors of the various constituents 
of milk are carried in the blood. More recently, the chemistry of the 
precursors of milk having been to some extent determined, efforts have 
been made to discover how the concentration of these in the blood is 
regulated, and what effect variations in their concentration have on 
milk secretion. 

5. In a few very recent experiments attempts have been made to 


determine the relation between milk secretion and the vitamines of 
the food. 


1 Published with the permission of the Secretary of Agriculture. 
204 


MILK SECRETION AS RELATED TO DIET 205 


It is of course impossible, in a brief review, to discuss adequately all 
the experiments that come under the above headings. This article 
will concern itself chiefly with that part of the field which bears on the 
problem of the regulation of milk secretion through the diet, taking 
into consideration particularly the newer work which opens the road 
toward showing how this regulation is accomplished through changes 
in the composition of the blood. 

1. EXPERIMENTS IN WHICH THE MILK YIELD WAS STUDIED WHILE 
CHANGES WERE MADE IN THE FOOD. Eckles and Palmer studied the 
composition and yield of milk in cows which were on generally super- 
abundant rations (24) and on rations generally insufficient to supply 
their requirements for maintenance and milk yield (25). The results 
of the experiments with superabundant rations indicated that the milk 
yield was little or not at all increased by feeding rations more liberal than 
those required by the accepted standards for feeding dairy cows, and 
that the composition of the milk was not affected. 

The experiments with inadequate rations were carried out partly on 
cows in the early stage of lactation and partly at a later stage. The 
cows in the early stage of lactation showed a remarkable power of 
secreting milk on very inadequate rations. That they used the ma- 
terials of their own bodies to supply the deficiency was shown by their 
decreases in body weight. At later stages of lactation the response to 
inadequate rations consisted more in a reduction of milk yield and less 
in the mobilization of the body tissues. 

The inadequate rations produced no change in the lactose content 
of the milk.2. The changes in the concentration of the fat and protein 
were rather irregular, but the fat content of the milk was increased 
rather more often than decreased by the inadequate feeding. 

Basch reviewed the subject of milk secretion in 1903 (6). He refers 
to the earlier investigators who studied the effects of changes in partic- 
ular constituents of the diet on the composition and quantity of the 
milk yielded, and gives an outline of their results. For citations of 
work prior to 1903, the reader is referred to Basch’s article. 

The results of these earlier investigations may be summed up in a 


few words. There is a general agreement that the quantity of milk, 


yielded is highly dependent on the quantity of protein supplied in the 
food. It is a very general rule that increased protein in the food results 
in an increased milk yield, and vice versa. The effects of changes in 


* Throughout this article the word “‘content’”’ will be used as above to mean 
“concentration,” not the total amount of the constituent in question secreted. 
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the quantity of food protein on the composition of the milk are not 
constant. An increase in the food protein may have no effect on the 
concentration of milk nitrogen, or may be followed by either an increase 
or a decrease in this factor. It may similarly be followed by no change 
or by either of the two possible changes in the concentration of milk 
fat. But an increase in the quantity of food protein usually results in 
an increase in the total amount of milk fat secreted. 

The results obtained by changing the quantity of fat in the ration are 
even more variable than those in regard to protein. Some authors 
find that an increase of fat in the food is followed both by an increased 
milk yield and by an increased concentration of milk fat; others get 
neither of these results; still others get one without the other. 

Comparatively little work has been done on the effect of changes in 
the carbohydrate of the food. It has been found, however, that where 
moderate amounts of carbohydrates are added to or subtracted from 
the ration, little or no change follows in either the composition or quan- 
tity of the milk. 

The results which have just been summed up must be considered in 
relation to the possibility of the conversion of one food constituent into 
another. Milk protein must, of course, come ultimately from the pro- 
tein of the food. But many investigators, whose work has been re- 
viewed by Lusk (76, pp. 223-247) have shown that food protein may 
be converted into either fat or carbohydrate in the animal body; and 
Jordan and his collaborators (67), (68) have shown specifically that the 
carbohydrate of the food may be converted into milk fat. 

It is easy to see, therefore, why the protein of the food should occupy 
a dominant position in regulating milk yield. If the food protein is 
insufficient for the quantity of protein that is being excreted in the 

milk, the animal must either take protein from her own body or reduce 

the secretion of milk protein; it is not surprising that she usually does 
both at the same time. In the cases of fat and carbohydrate, on the 
other hand, there is a much larger number of possibilities. 

It is not surprising, in view of these considerations, that the results 
of changes in diet on the composition of milk have been rather variable. 
The effect on milk yield of any change in diet will depend on a great 
number of accessory experimental aspects—on the amount of the 
change, on the level at which the change is made, on the quantity of 
other constituents being fed, on the nutritive state of the animal, and 
on other factors which the reader can easily imagine. ‘The more modern 
investigations have kept these factors more or less in view. 
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Shortly after the publication of Basch’s review, Morgen and a number 
of collaborators attacked the problem of the effect of food on milk 
yield (89), (90), (91), (92). These authors carried out an extensive 
set of investigations on the effects of diet on the composition and yield 
of milk, using sheep and goats as their experimental animals. Their 
results may be summarized as follows: 

When the fat in the ration of a milking animal amounts to less than 
0.5 gram daily per kilogram of animal, an addition of fat to the ration, 
as a substitute for carbohydrate, has a marked effect in increasing the 
percentage of fat in the milk, as well as the total milk yield. The milk 
yield and the fat content of the milk continue to increase with the 
addition of fat to the ration up to about 1 gram per kilogram of animal. 
The further substitution of fat for carbohydrate has no effect on milk 
yield, except in unusual cases. When the milk yield is increased by 
the addition of fat to the ration as described above, the nitrogen content 
is generally reduced. 

Additions of protein to the ration at almost any level tend to increase 
‘the milk yield. The nitrogen content of the milk is sometimes increased 
and sometimes decreased; the fat content is generally lowered, but the 
total amount of fat secreted is generally increased. 

The authors did not try in any of their experiments to use a basal 
ration in which the carbohydrate was reduced to a minimum. They 
did, however, try adding moderate quantities of carbohydrate to rations 
which already contained the usual proportion of that material, and 
found that it had little or no effect on either the composition or the 
vield of milk. 

The concentration of lactose in the milk was not significantly affected 
by any of the changes in ration which they carried out. 

In recent experiments Cary has studied the effects on milk yield of 
making large reductions in either the protein or the carbohydrate of 
the food, starting from an approximately normal ration (15). A large 
reduction in either of these constituents of the food is followed by a 
marked falling off in milk yield which begins a few hours after the food 
is changed. A shortage of protein in the food reduced the nitrogen and 
fat contents of the milk, the sugar content remaining unchanged. A 
marked shortage of carbohydrate in the food also reduced the nitrogen 
content of the milk, but in this case the fat and sugar contents remained 
unchanged. 

Fingerling (33) has carried out experiments on goats in which the 
quantities of calcium and phosphorus in the rations were varied while 
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the yield and composition of the milk were studied. Reduction in 
the calcium and phosphorus of the rations at first produced no effect 
on the milk yield; after several weeks the yield of milk began to fall 
off progressively while the concentrations of calcium and phosphorus 
in the milk rose; these changes were largely reversed by restoring 
calcium and phosphorus to the rations. 

Jordan, Hart and Patten (69) carried out two experiments in which 
the phosphorus content of the ration was varied while the yield and 
composition of milk were studied. The phosphorus concentration in 
the milk was not affected, but the percentage of milk fat was noticeably 
reduced on the low phosphorus ration, and vice versa. The milk 
yield was little changed by the change in the food phosphorus; it tended 
to be a little higher on the low than on the high phosphorus ration, 

The experiments of Fingerling and of Jordan, Hart and Patten show 
that milk yield is not affected by changes in the calcium and phosphorus 
content of the diet until after a considerable interval. Recent experi- 
ments of Meigs and Woodward (84a) indicate that the full effects on 
milk vield of dietary deficiencies in one or both of these elements may 
not be exhibited for several years, and that the yield of any given 
lactation period may depend to a considerable extent on whether or 
not the lactating animal received sufficient calcium and phosphorus in 
the rations preceding the beginning of that period. 

The results which have just been given may be summarized as 
follows: 

Both the milk yield and the composition of the milk may be con- 
siderably influenced by changes in the ration. Of the three main 
organic constituents of the milk, the carbohydrate is by far the most 
constant; its concentration is not affected by any of the changes in 
ration so far studied. Reductions in the protein of the ration result 
very generally in reductions in the milk yield. The nitrogen content 
is usually either decreased or unaltered, and the fat content may be 
altered in either direction or may remain unchanged. Reductions in 
the fat of the ration have little or no effect on the composition and yield 
of milk until the amount of fat fed falls below 1 gram per kilogram of 
animal. When it falls below this level, the milk yield and the fat 
content of the milk are generally reduced, while the nitrogen content 
is increased. Small changes in the amount of carbohydrate fed, com- 
parable in absolute magnitude with those which have been studied in 
the cases of protein and fat have no immediate significant effect on 
either the yield or the composition of the milk. Large reductions, 
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amounting to 50 per cent of the total nutrients contained in the ration, 
reduce the milk yield and the concentration of nitrogen in the milk, 
while leaving the fat and carbohydrate content practically unchanged. 
The effects of changes in the amounts of carbohydrate fed when the 
total quantity of this constituent in the basal ration is reduced to a 
minimum, have not been studied. 

A reduction in the amount of phosphorus in the ration may have the 
effect of reducing the fat content of the milk, while leaving the phos- 
phorus content and the total milk yield practically unchanged. Simul- 
taneous marked reduction of the calcium and phosphorus in the ration 
results after an interval in a reduction in the milk yield. The calcium 
and phosphorus contents of the milk are actually increased, though the 
total amounts secreted are reduced. The full effects on the milk yield 
of a shortage of calcium or phosphorus in the ration may not show 
themselves for a very long time. 

The above results are, in many cases, not such as would be expected 
from a cursory consideration of the subject. In some cases they suggest 
hypotheses regarding the nature of the relation between food supply 
and milk secretion; in others they hint at metabolic relations which 
demand careful consideration. 

It may first be pointed out that there is a rather sharp contrast 
between the effects of changing the organic constituents of the ration 
and those of changing the inorganic constituents. If either the protein 
or the total nutrients of the ration be sharply reduced, the milk yield 
generally begins to fall off within a few hours. In Fingerling’s experi- 
ments, on the other hand (33), although the relative reduction in the 
amount of calcium and phosphorus fed was larger than the reductions 
in the organic constituents studied by the other authors, nevertheless the 

milk yield was not much affected for several weeks. Fingerling followed 
~ the calcium and phosphorus balances in his experiments, and found that 
his animals began to lose these elements from their bodies, as soon as 
they were put on the low mineral rations. His results give an inter- 
esting picture of the quantitative relations for such phenomena, the 
rates at which calcium and phosphorus are lost from the bodies of 


milking animals on deficient rations, the time at which milk yield . 


begins to be affected, the manner in which it is affected, and the extent 
to which it may be restored by a return to adequate rations. 

There are numerous other experiments which show that milking 
animals may remain for considerable periods in marked negative calcium 
and phosphorus balance without showing much drop in milk yield. 
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Among these those of Hart and of Forbes and their collaborators are 
particularly to be mentioned (52), (42), (43), (44). 

The milk yield is much more immediately affected, therefore, by a 
serious shortage of the organic constituents of the ration than by a 
shortage of calcium and phosphorus. But the reader must not take 
away the impression that the milking animal adjusts herself to a short- 
age of protein, fat or carbohydrate merely by reducing the quantity 
of the missing material secreted in the milk. The work of Hart and his 
collaborators (53), (54), (55), (56), (57) shows that cows on an inade- 
quate protein ration go into negative nitrogen balance and fall off in 
their milk yield at the same time. The work of Jordan and his collab- 
orators, on the other hand (67), (68), shows that cows on an inadequate 
fat ration may respond by manufacturing fat from carbohydrate as 
well as by reducing the quantity of milk fat secreted. And there is no 
doubt that the body stores of fat and carbohydrate are frequently 
called on when the necessity arises. The situation may be summed 
up by saying that a serious shortage in any of the food constituents 
so far studied either throws the milking animal into immediate negative 
balance as far as that constituent is concerned, or causes her to begin 
manufacturing the constituent from some other material. In the cases 
of protein, fat and carbohydrate, however, a serious shortage also 
has the effect of immediately reducing the amount of milk secreted, 
whereas a serious shortage of calcium and phosphorus may not affect 
milk secretion for a considerable time. 

The work considered so far indicates that protein plays a predominant 
part in regulating milk secretion. The authors quoted above fre- 
quently make the statement that protein ‘“‘stimulates milk secretion,” 
and the truth of the statement is borne out by the following aspects of 
the results. In the first place it is shown by the work of Morgen and 
his collaborators (90), (91), (92) that changes in the amount of protein 
fed are likely to affect the milk yield at almost any level of protein 
feeding, and that the changes in total milk yield produced are large 
in comparison to those produced by comparable changes in the quantity 
of either fat or carbohydrate fed. In the second place it comes out in 
all the pertinent work, but particularly again in that of Morgen and 
his collaborators, that changes in the quantity of protein fed have a 
marked effect on the whole milk yield, with subordinate effects on the 
composition of the milk. Changes in the amount of fat fed, on the other 
hand, if they have any effect at all, produce comparatively large changes 


in the fat content of the milk and only moderate changes in the total 
milk yield. 
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It is true that large changes in the amount of carbohydrate fed (which 
mean also large changes in the total energy of the ration) have marked 
effects on milk yield. But Cary (15) has brought out the suggestive 
point that a reduction in the carbohydrate of the ration causes a reduc- 
tion in the nitrogen content of the milk. The significance of this 
will be much clearer after it has been possible to take up another 
phase of the subject. 

There are other points besides this in the investigations so far con- 
sidered which call for further research. Why, for instance, should 
the calcium and phosphorus content of the milk be actually increased 
when the food content of the same elements is diminished? Why 
should the amount of phosphorus in the ration have an effect on the 
secretion of milk fat? Finally, how do changes in the quantity of this 
or that constituent of the food act on the mammary gland to regulate 
milk secretion? 

The reader will hardly hope for complete and satisfactory answers 
to these questions. But the most promising method of approach is 
obviously to go deeper into the chemical changes undergone by the 
food materials within the body of the milking animal. A number of 
investigators have thrown light on this field by determining the pre- 
cursors of the milk constituents in the blood, and the work along this 
line will next be taken up. 

II. THE PRECURSORS OF THE MILK CONSTITUENTS IN THE BLOOD. 
1. The precursor of lactose. In 1884 Bert reported experiments (7) 


which bear on the problem of the precursor of milk sugar. He removed » 


the mammary glands of goats; then had the animals bred and allowed 
them to give birth to their young. He examined the urine of the 
mothers just after the young were born and found that it contained 
sugar while the urine of normal goats did not contain sugar just after 
the birth of the young. Bert concludes that sugar is thrown into 
the blood from some source—probably the liver—just after parturition, 
in order to supply the sugar to be secreted in the milk. When the 
mammary gland is not present to dispose of the extra sugar, the latter 
escapes in the urine. 

In 1909 Porcher published the results of investigations (96) which 
confirmed and extended the work of Bert. It was shown that the post- 
partum glycosuria of females deprived of their mammary glands was 
accompanied by hyperglycemia; that the sugar in question was glucose 


and not lactose; and that the post-partum glycosuria persisted for only 
a short time. 
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Results rather opposed to those of Bert and Porcher have been re- 
ported by Moore and Parker (88), by Marshall and Kirkness (83), and 
by Foa (34), and have given rise to more or less controversial literature, 
It seems worth while to give a short discussion of this controversy, as 
the results of Bert and Porcher lend support to two important propo- 
sitions in regard to the physiology of milk secretion. 

The two propositions are, first, that during lactation dextrose is 
actively thrown into the blood by some organ, probably the liver; 
and second, that dextrose is, therefore, probably the precursor of milk 
sugar. The facts, as observed by Bert and Porcher, are that in goats 
from which the mammary glands have been removed parturition is 
followed for a few hours by hyperglycemia and glycosuria. Porcher 
also found that hyperglycemia and glycosuria followed, for a few hours, 
the operative removal of the mammary glands from lactating goats. 
In both kinds of experiments the hyperglycemia and glycosuria remain 
at their height for less than twenty-four hours and disappear entirely 
within three or four days. Both Bert and Porcher failed to get these 
results in guinea pigs, or got them to only a slight extent. 

The increased blood sugar and urinary sugar are, therefore, according 
to the results of these authors themselves, to be regarded as largely 
in the nature of a significant accident. In goats something happens 
very soon which either inhibits or disposes of the surplus sugar supply, 
so that it does not appear in the urine. In guinea pigs, for some reason, 
the increased blood sugar and urinary sugar do not appear at all. 

The results of Marshall and Kirkness, Moore and Parker, and Foa 
do not really contradict this point of view. Marshall and Kirkness 
worked only on guinea pigs and obtained the same negative results as 
Bert and Porcher. Moore and Parker worked on goats, but they are 
vague about the exact time after parturition at which they examined 
the urine. In one of the two goats experimented on, the urine did show 
a small increase in reducing power after parturition. Foa reports only 
two experiments; in these the mammary glands were removed from 
lactating goats. The operations each lasted seven hours, and the urine 
was not examined until three hours after they were completed. As 
anesthesia and operations are themselves likely to have an effect on 
blood sugar (100) this form of experiment is less satisfactory than that 
in which the mammary gland is removed in a preliminary operation and 
the blood and urine examined after parturition—particularly where the 
operative procedure takes so long a time as in the experiments just 
reported. 
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A more direct method of determining the precursor of lactose in the 
blood has been devised by Kaufmann and Magne (70). These authors 
took samples of blood from the jugular vein and from the abdominal 
subcutaneous vein of cows, approximately simultaneously. The ab- 
dominal subcutaneous or mammary vein carries blood coming from the 
udder (102, pp. 609, 721), whereas blood from the jugular vein may be 
regarded as equivalent to the blood of the mammary artery, as far as 
the materials involved in milk secretion are concerned. In milking 
cows, therefore, it is to be expected that the blood from the mammary 
vein should contain less of the precursors of the various milk constituents 
than blood from the jugular vein. Kaufmann and Magne found that 
in milking cows the mammary blood contained, on the average, about 
18 per cent less sugar than the jugular blood: in different experiments 
the figures varied from 7 to 30 per cent. Kaufmann and Magne con- 
trolled these results by repeating the experiment on a dry cow, and 
found that in this case the samples of blood obtained from the two 
different sources above mentioned contained equal amounts of sugar. 
The results of this investigation give strong support to the view that 
the dextrose of blood is the precursor of milk sugar. 

Foa (34), (35) has used still another method to determine the 
precursors of the various constituents of milk. He removed the mam- 
mary glands of sheep, kept them in a vessel full of Ringer’s solution at 
body temperature, and perfused them with Ringer’s solution, with 
various mixtures of blood and Ringer’s solution, and with Ringer’s 
solution to which various substances had been added. He determined 
the quantity of dextrose in the various kinds of perfusion mixtures 
both before and after they had been caused to circulate through the 
gland, and determined also the nature of the fluid secreted by the gland 
when various perfusion mixtures were caused to circulate through it. 
He found that when a mixture of blood and Ringer’s solution was 
caused to circulate through the gland, milk containing lactose was 
secreted. At the same time the dextrose content of the perfusion 
mixture was shown to decrease. The concentration of lactose in the 
milk secreted could be increased by adding dextrose to the perfusion 
mixture. When Ringer’s solution with dextrose added was used as 
the perfusion mixture, the gland secreted a watery fluid containing 
lactose. No lactose was obtained in the fluid secreted by the gland 
when Ringer’s solution alone was used as the perfusion fluid, or with 
Ringer’s solution with galactose added to it. Foa’s results taken all 
together furnish strong evidence for the view that the dextrose of the 
blood is the precursor of lactose. 
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My colleague, Mr. C. A. Cary, has thought it worth while to repeat 
the experiment of Kaufmann and Magne, and has kindly given me 
permission to report his unpublished results here. Their article on the 
subject is exceedingly brief, and there is a possibility that if they did 
not take their samples of mammary and jugular blood strictly simul- 
taneously, their results might have been disturbed by the tendency of 
the blood sugar to vary as the result of pain, anxiety, etc. (13, pp. 
66-80), (100). Mr. Cary has collected samples of jugular and mammary 
blood from milking cows strictly simultaneously. A cannula is first 
inserted in the mammary vein and left stoppered until after the jugular 
cannula has been inserted. Blood is then collected from the two 
cannulae at the same time. It was found that the mammary blood 
contained about 24 per cent less sugar than the jugular blood, and the 
mammary plasma, about 32 per cent less than the jugular plasma. 

There is, then, a large mass of evidence showing that lactose is derived 
from the blood sugar, and there is no contradictory evidence. The 
controversy between Bert and Porcher, on the one hand, and Moore 
and Parker, Marshall and Kirkness, and Foa, on the other, may be 
disregarded as far as this question is concerned. Moore and Parker, 
Marshall and Kirkness, and Foa claim only that the concentration of 
blood sugar is not increased after the removal of the mammary gland 
from milking animals; and there is no necessary connection between 
this contention and the question whether or not lactose is normally 
derived from blood sugar. 

2. The precursor of milk fat in the blood. Foad used his method of 
experimentation to throw light on the origin of milk fat. He found that 
when Ringer’s solution alone was perfused through the excised mam- 
mary gland, a watery solution was excreted which contained no fat 
(35). But when he perfused Ringer’s solution in which olive oil or 
tri-olein had been emulsified, the gland secreted a watery solution 
containing fat. The fat secreted was in globules which had the micro- 
scopic appearance of globules of milk fat, and it had a lower iodine 
number than the fat of the perfusion fluid. Foa concludes that milk 
fat is derived from the triglycerides of the blood. 

The author, in conjunction with others, has used the experimental 
method of Kaufmann and Magne to throw light on the question of 
the origin of milk fat; but, in order to discuss these experiments, it will 
be necessary to consider the nature of the phosphorus compounds 
contained in blood. It is now well established that the great majority 
of all the phosphorus contained in normal blood plasma is divided 
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between two classes of compounds—the phosphatids and the inorganic 
phosphates (1), (2), (46), (47), (48), (99). Our own results indicate 
that there is no phosphorus of any kind in plasma except these two 
(84). Bloor (11) finds that a third kind of phosphorus makes up about 
4 per cent of the total; and Feigl (27), (28), (29), (30), (31) finds about 
6 per cent. 

Our experiments above referred to (84) were primarily designed to 
determine whether the phosphorus of milk was derived from the 
phosphatid or from the inorganic phosphate of the blood plasma. 
Samples of blood were collected approximately simultaneously from 
the jugular and mammary veins of milking cows; the plasma was sepa- 
rated from the corpuscles and analyzed for phosphatid and for inorganic 
phosphate. When the experiments were carried out without too much 
disturbance to the animals used as subjects, it was found that the mam- 
mary plasma contained less phosphatid than the jugular and more 
inorganic phosphate. The changes in the two kinds of phosphorus 
nearly offset each other so that the jugular and mammary plasma 
contained nearly equal total quantities of phosphorus. When the 
animals were much disturbed by the experimental procedure, the 
jugular and mammary plasma contained equal quantities of phosphatid, 
but the mammary plasma contained more inorganic phosphate, and, 
therefore, more total phosphorus than the jugular. These results have 
been interpreted to mean that milk phosphorus and milk fat are derived 
from the phosphatid of the blood plasma. The phosphatid of the 
plasma probably contains about one part by weight of phosphorus to 
20 parts by weight of fatty acids, while milk contains about one part 
by weight of phosphorus to 50 parts of fat. If, therefore, the mammary 
gland takes from the plasma enough phosphatid to supply a given 


quantity of milk with fat, it gets with it more than twice as much. 


phosphorus as is required for the same quantity of milk. The surplus 
phosphorus must be returned to the blood, and this is taken to be the 
explanation of the fact that the mammary plasma regularly contains 
more inorganic phosphate than the jugular. Disturbance of the cow 
tends to stop the taking up of phosphatid by the mammary gland, but 
not the backflow of inorganic phosphate from the gland to the blood. 
For this reason, the cows which have been much disturbed before and 
during the collection of the blood samples show an increased quantity 
of inorganic phosphate in the mammary plasma and no change in the 
phosphatid content. The experimental results described above will 
be further considered later, and their relation to the results of Foa 
on fat secretion and to certain results of Bloor will be discussed. 
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3. The precursor of milk protein in the blood. Foa (35) tried some 
experiments on the excised mammary gland of the sheep to throw light 
on the derivation of milk protein, but his results were negative. He 
perfused the gland with Ringer’s solution to which various forms of 
protein had been added, but never found any protein in the fluid secreted 
under such circumstances. He concludes that milk protein is derived 
from some still unknown material in the blood. 

The recent epoch-making work on protein metabolism of Delaunay 
(20), (21), (22), Folin (36), (37), (38), (39), (40), (41), Van Slyke 
(103), (104) and their followers suggests that milk protein may be 
derived from the free amino-acids of the blood. Cary has recently 
employed the experimental method of Kaufmann and Magne to deter- 
mine this point (14). He collected samples of jugular and mammary 
blood approximately simultaneously from both milking and dry cows. 
The amino-acid nitrogen of the mammary blood was markedly lower 
than that of the jugular blood in the milking cows, whereas the two 
kinds of blood contained the same concentration of amino-acid nitrogen 
in the dry cows. The results form very complete and satisfactory 
evidence for the view that the milk proteins are derived from the free 
amino-acids of the blood. 

4. General discussion of the precursors in the blood of the various con- 
stituents of milk. Evidence has been adduced to show that lactose is 
derived from the dextrose of the blood, that milk fat is derived from 
phosphatid, and that milk protein is derived from free amino-acids. 
It seems worth while to point out, in the first place, that each of the 
three propositions stated above gains strength from the other two, 
when the experimental results on which all three are based are com- 
pared quantitatively and in detail; and, in the second place, that the 
three propositions may be taken together as indicating a sort of hypoth- 
esis of secretion which is a priori probable, and which suggests an 
explanation of certain aspects of the subject sometimes regarded in 
the past as rather mysterious. 

Cow’s milk is a fluid with a fairly constant composition. Typical 
milk may be considered to contain 3 per cent protein, 4 per cent fat and 
5 per cent lactose. If it may be assumed that in cows giving the 
same quantities of milk the rate of blood flow through the mammary 
gland is approximately the same, then the amounts by which the pre- 
cursors of the three above-named constituents of milk are reduced in 
the mammary blood ought to bear a more or less fixed relation to each 
other in the case of cows giving approximately the same quantitites of 
milk. 
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In the experiments of Kaufmann and Magne, in those of Meigs, 
Blatherwick and Cary, and in those of Cary, the cows were usually | 
giving about 10 liters of milk daily. Kaufmann and Magne found the | 
sugar in the mammary blood of their milking cows about 15 mgm. per | 
100 cc. lower than that in the jugular blood. In the unpublished experi- 
ments of Cary above referred to, the sugar was determined in mammary 
and jugular plasma as well as in mammary and jugular blood; and it 
was found that the sugar taken from the blood by the mammary gland 
came entirely from the plasma, the sugar content of the corpuscles 
remaining unchanged during their passage through the mammary 
gland. The reduction of 15 mgm. per 100 cc. blood found by Kaufmann 
and Magne would be equivalent, therefore, to a reduction of 22 mgm. 
per 100 ce. plasma. Cary found a reduction of 20 mgm. per 100 ce. in 
the mammary plasma. 

In the two successful experiments on the phosphatid content of the 
jugular and mammary plasma by Meigs, Blatherwick and Cary, the 
phosphatid phosphorus was found to be lower by 0.74 and 0.60 mgm. 
per 100 cc. respectively in the mammary plasma. This would rep- 
resent reductions amounting to 14.8 and 12 mgm. of phosphatid in 
the mammary plasma. 

In Cary’s experiments on the amino-acid nitrogen of jugular and 
mammary plasma in milking cows, the amino-nitrogen was found re- 
duced by from 0.39 to 0.97 mgm. per 100 cc. inthe mammary plasma, ii 
the average reduction being 0.69 mgm. As the alpha amino-nitrogen 
of the milk proteins constitutes about 70 per cent of their total nitrogen, 
this would represent a reduction of about 1 mgm. total milk-protein 
nitrogen per 100 cc. plasma, which would be equivalent to about 
6 mgm. of protein. 

On the supposition that the milk of the cows used in these experi- 
ments contained 5 per cent lactose, 4 per cent fat and 3 per cent protein, 
the precursors of these three constituents should have been taken out 
of the plasma passing through the mammary gland in the following 
proportions. For every 20 mgm. of sugar taken from the plasma there 
should have been taken phosphorus equivalent to 16 mgm. of fat and 
amino-nitrogen equivalent to 12 mgm. protein. The figures actually 
found and given above are 15 to 20 mgm. sugar, phosphorus equivalent 
to from 12 to 15 mgm. fat, and nitrogen equivalent to from 3 to 9 mgm. 
protein. The figures for sugar and fat secretion bear very nearly the 
expected relation to one another, while the figures representing the 
secretion of milk protein are somewhat lower than would be expected. | 
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But when it is considered that the concentrations of sugar, phosphatid 
and free amino-acids in blood plasma are all quite low, and that small 
errors in estimating the actual amounts of these materials present in a 
given sample would be represented as much larger errors in comparing 
the differences between jugular and mammary plasma, it seems remark- 
able that the results actually found should be as close as they are to 
those that would be expected. Taken together, they furnish strong 
evidence for the view that the lactose, fat and protein of the milk are 
respectively derived entirely from the dextrose, phosphatid and free 
amino-acids of the blood. 

The three sets of observations above discussed suggest a working 
hypothesis of secretion which is a priori probable. The mammary 
gland is called upon to secrete large quantities of protein, fat and 
carbohydrate at a rapid rate. It is hardly probable, therefore, that it 
manufactures its products from widely different chemical compounds 
brought to it by the blood. But it has been clear for some time that 
casein and lactose, and probably milk fat also, are specific products 
of the mammary gland. The two former are certainly not present in 
the blood under ordinary circumstances. Even if the constituents of 
milk could be demonstrated in the blood it would be difficult to see how 
the mammary gland could abstract them for the purpose of making 
milk. Casein and fat are highly indiffusible substances, and milk 
contains sugar and fat in much higher concentration than does blood. 
It is very difficult to conceive a mechanism by which such materials 
could be made to diffuse rapidly from a region of lower concentration 
to one of higher concentration. But the observations given offer some 
escape from all these difficulties. To suppose that the mammary 
gland converts dextrose into lactose, phosphatid into fat, and free 
amino-acids into casein, leaves undoubtedly many chemical problems 
still to be solved. But it is conceivable that such changes could take 
place at a rapid rate and without any great expenditure of energy. 
Further, dextrose, phosphatid and free amino-acids are more diffusible 
substances than lactose, triglycerides and proteins; to suppose that the 
constituents of milk pass the borders of the mammary cells in the form 
of the three former substances, and are converted, immediately on 
entering the cells, into the less diffusible latter three compounds, fur- 
nishes a rough explanation of the mechanism of secretion, which does 
not contradict any of the laws of energetics. 

The dextrose, the phosphatid and the free amino-acids of the blood 
plasma are spoken of in this article as the ‘‘ precursors of the milk con- 
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stituents.’’ But this is really a one-sided view of them, with no further 
basis than that milk secretion is the subject of the article. There is 
little doubt that the three materials above-mentioned are really the 
general currency of metabolism—the chemical forms in which proteins, 
fat, and carbohydrate are distributed by the blood to all the organs and 
tissues of the body. 

5. The relation between blood flow through the mammary gland and 
milk secretion. Cary (14) found no relation between the rapidity of 
milk secretion and the degree of difference in amino-acid nitrogen con- 
centration as between the jugular and mammary blood plasma. Most 
of his experiments were carried out on cows giving about 10 liters of 
milk daily; and while there was considerable variation in the degree of 
difference between jugular and mammary plasma in these experiments, 


there was no tendency for the differences to be greatest in the cows which 


were giving the most milk. One experiment was carried out on a cow 
which was giving more than twice as much milk as any of the others, 
and in this case the difference in the amino-nitrogen content of the 
jugular and mammary plasma was practically the same as the average 
for the other experiments. 

This aspect of his results suggests that the milk yield is in general 
nearly proportional to the rate of blood flow through the udder. The 
proposition is probable from general considerations and is supported 
by a good deal of independent evidence. That given by Roehrig (98) 
is impressive; and it is well known to dairymen and now statistically 
demonstrated that there is a fairly close correlation between the size 
of the milk veins and productiveness in cattle (45). 

6. The effects of pain, anxiety, etc., on milk yield. The experiments of 
Meigs, Blatherwick and Cary on fat secretion indicate that this process 
is stopped by an even slight disturbance of the cow’s comfort. Cary’s 
experiments on protein secretion, on the other hand, do not show any 
such relation with regard to this latter process. With regard to sugar 
secretion, evidence on the point at issue is difficult to obtain, because 
pain and anxiety have a tendency to change the sugar concentration 
in the whole body of blood (13, pp. 66-80) (100). But, as far as.they go, 
the experiments on record point to the view that the secretion of milk 
sugar is not noticeably interfered with by pain and anxiety. 

There is some independent evidence indicating that fat secretion is 
- more interfered with by pain and anxiety than the secretion of the other 
constituents of milk. It is commonly thought by dairymen that the 
percentage of fat in milk is likely to be reduced when cows are chased 
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about by dogs or otherwise disturbed, and when they are in heat. I 
have observed this tendency occasionally, though I have not carried 
out any special research on the subject. 

7. The opposition between Fod’s conclusions and those of Meigs, 
Blatherwick and Cary. The results of Meigs, Blatherwick and Cary 
indicate that milk fat is derived entirely from the phosphatid of the 
blood plasma. The disappearance of phosphatid from the plasma which 
occurs during its passage through the mammary gland is sufficient to 
account for all the milk fat secreted. Further, the very considerable 
backflow of inorganic phosphate from the gland to the blood would be 
difficult to account for if it were supposed that any considerable part of 
the milk fat were derived from non-phosphorized fat in the blood. 

The work of Foa, on the other hand, indicates that milk fat may be 
derived from triglycerides in the blood. Foa found that a fluid con- 
taining fat was secreted by the excised mammary gland when it was 
perfused with Ringer’s solution to which olive oil or triolein had been 
added. That the olive oil and triolein had not simply filtered through 
the gland cells into the ducts is indicated by the facts that the fat in 
the fluid obtained from the duct was in the form of globules with the 
microscopic appearance of those normally seen in milk, and that it had 
a lower iodine number than the fats mixed with the perfusion fluid. 
That the fat in the fluid issuing from the duct was not simply fat which 
had been present in the gland cells before the beginning of the experi- 
ment and had been washed out into the ducts by the perfusion fluid is 
shown by the fact that when Ringer’s solution without fat was per- 
fused through the vessels, there issued from the duct a fluid which 
contained no fat. 

The chief objection to Foa’s experiments is that, as he himself ad- 
mits, the gland became edematous quite early in the procedure, and 
that the collection of the fluid issuing from the duct, which was after- 
wards analyzed, was continued after the edema had been noted. It 
seems quite likely that the edematous gland cells would give passage 
to substances which would not pass through the normal mammary 
cells. It is true that the fat in the fluid issuing from the duct in Foa’s 
experiments had a different iodine number from that in the perfusion 
fluid; but it is not unlikely that the bodies of the mammary cells might 
retain some portion of their capacity to alter the character of fats, even 
after the cell surfaces had become permeable to materials which would 
not ordinarily go through them. 
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III. THE CONTROL OF MILK SECRETION THROUGH THE CONCENTRA- 
TIONS OF AMINO ACIDS, DEXTROSE AND PHOSPHATID IN THE BLOOD. 
The investigations reviewed in section I show that changes in diet 
often produce marked changes in milk secretion, and they bring up the 
question how milk secretion is controlled through the diet. There can 
be little doubt that diet exercised its influence by producing changes 
in the composition of the blood. What is the nature of these changes? 

The hypothesis that occurs first to most minds is that a shortage of 
any particular dietary constituent will bring about a reduction in the 
concentration of the corresponding milk precursor in the blood. It 
is natural to suppose that the result of this change will be a reduction 
in the concentration of the corresponding constituent of the milk, and 
perhaps also a reduction in the total amount of milk secreted. 

The experiments in which the composition and yield of milk have 
been followed while changes were made in the diet furnish evidence for 
thinking that the above outlined hypothesis is correct in the case of fat. 
Reduction in the dietary fat below a certain level produces a marked 
decrease in the concentration of milk fat and, at the same time, a con- 
siderable reduction in the total quantity of milk secreted (89), (90), 
(91), (92). But in no other case is the evidence so clear. Changes in 
the quantity of dietary protein produce changes in the quantity of milk 
secreted through a wide range in the level of protein feeding (90), (91), 
(92), but the accompanying changes in the concentration of milk 
protein are irregular. The lactose content of milk is not noticeably 
influenced by any of the dietary changes so far studied. And the con- 
centrations of calcium and phosphorus in milk may be actually in- 
creased by feeding a ration short in these elements (33). 

Further light on the question of the control of milk secretion through 
the diet must be sought in a study of the manner in which the con- 
centrations of the several milk precursors in the blood are affected by 
various circumstances. The most satisfactory way of studying the 
question is to follow simultaneously the concentrations of the milk 
precursors in the blood and the composition and yield of milk while 
appropriate changes are made in the diet. But few such experiments 
have been carried out up to the present time; and, while waiting for 
their number to be increased, it is pertinent to consider the considerable 
quantity of work already at hand which bears on the general question 
of the factors which influence the concentration of amino-nitrogen, 
glucose, phosphatid and calcium in the blood. 
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Blood is a complicated mixture containing many unstable chemical 
compounds. It is not surprising, therefore, that the literature contains 
contradictory figures for the concentration of practically every blood 
constituent which has been studied. In estimating the value of these 
results, the following considerations must be kept in mind. 

If the concentration of a given constituent of the blood is really 
constant, it is easy to see how inadequate chemical methods for its 
determination might make it appear variable. But if the concentra- 
tion of a given constituent is really variable, it is extremely difficult to 
see how inadequate chemical methods could make it appear constant. 
Other things being equal, therefore, the work of those investigators who 
obtain constant series of results is to be accepted in preference to that 
of those who obtain more variable series. 

In cases where several independent investigators have obtained 
constant series of results all agreeing closely with one another, the case 
becomes stronger; and it is justifiable to summarily dismiss non-concor- 
dant results obtained by other investigators, unless these latter can 
show why their methods should be preferred to those of their opponents. 

This course will be adopted in the following discussion. In such a 
review as this it is impossible to give either a critical discussion of the 
very complex methods of blood analysis or a detailed account of the 
great mass of wild results which have been obtained in the field. Only 
those figures will be considered, therefore, which, in the light of our 
present knowledge, appear to be fairly reasonable. 

1. Relation between milk secretion and the free amino-acids of the 
blood. An admirable review of the modern work on protein metabolism 
has recently been published by Van Slyke (105). The experimental 
results show that the food protein is converted in the intestinal tract 
to free amino-acids, in which form it enters the blood. The blood from 
the intestinal tract passes first to the liver, and in that organ a consider- 
able proportion of the amino-acids resulting from protein digestion is 
deaminized. The remainder goes on into the general circulation, 
serving, for some time, to increase the concentration of amino-nitrogen 
in the systemic blood, but being gradually absorbed by the tissues and 
either built into new protein or deaminized and oxidized. 

Still more recently Cathcart has published a new edition of his mono- 
graph .on the physiology of protein metabolism (16), which contains 
an extensive bibliography. 

In section I work was reviewed which indicates that milk yield is 
highly dependent on the protein supplied in the food; section I] contains 
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work which shows that milk protein is derived from the free amino-acids 
of the blood. It seems natural, in view of these facts, to suppose that 
milk yield is largely regulated by changes in the amino-acid mixture 
circulating in the blood. 

An obvious method of investigating this problem is to follow the 
milk yield and the amino-nitrogen content of the blood, while changes 
are made in the diet. But such experiments cannot be intelligently 
planned without taking into consideration the various aspects of 
metabolism which are likely to influence the results. 

The blood carrying the products of digestion from the intestinal tract 
passes first to the liver, and the results of Van Slyke (105) indicate that 
that organ immediately begins to deaminize some of the amino-acids 
which it receives. But we know very little in regard to the details of 
this hepatic activity. As the amino-nitrogen content of the blood is 
so small, and as so large a proportion of it is removed by the mammary 
gland in milking animals (14), it is natural to suppose that the liver’s 
deaminizing activity is more or less selective—that it improves the 
quality of the amino-acid mixture in the general circulation by de- 
aminizing chiefly those compounds which are present in the food in 
larger proportion than is required for milk secretion, tissue growth or 
other metabolic activities. But this point of view is by no means 
strictly proven; and, even if it were, it would still be possible that a 
marked change in the quality of the protein supplied in the food might 
produce a less marked but still important change in the quality of the 
amino-acid mixture circulating in the blood. 

The quality of the amino-acid mixture in the blood might be in- 
fluenced in another way, which is particularly likely to occur in milking 
animals; namely, by a change from a positive to a negative nitrogen 
balance. In the case of an animal in positive nitrogen balance, the 
amino-acids which enter the general circulation pass first through the 
liver. But if the nitrogen balance becomes negative, amino-acids are 
thrown directly into the general circulation by the tissues, and may not 
reach the liver until after the particular portion of blood in which they 
are contained has circulated a number of times. It is quite possible — 
that such circumstances might produce considerable changes in the 
quality of the amino-acid mixture circulating in the blood. 

Finally, the deaminizing activity of the liver is probably influenced 
by the supply and demand of nutritive materials other than protein. 
In the case of a milking animal there is a large and steady demand for 
carbohydrate to be excreted with the milk. The supply of carbohydrate © 
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stored by mammals is normally rather small, and a shortage of this 
material in the food would, therefore, soon require the conversion of 
other compounds into carbohydrate to meet the demands of milk 
secretion. It has been repeatedly shown that carbohydrate is readily 
derived from protein in the animal economy (76, pp. 223-247), and it 
is very likely, therefore, that a shortage of carbohydrate in the food of 
a milking animal would soon stimulate the liver to increase its normal 
rate of deaminizing the products of protein digestion. 

The three preceding paragraphs may be summed up by saying that 
general considerations make it likely that the quality as well as the 
quantity of the amino-acid mixture circulating in the blood is subject 
to change, and that both quality and quantity of the circulating amino- 
acid mixture are likely to be influenced by the supply of non-protein 
dietary constituents. There is already at hand a certain amount of 
experimental evidence which bears on these questions. 

Delaunay (22), Van Slyke and Meyer (103), (104), Costantino (18), 
and Gyérgy and Zunz (49) have shown that, during the digestion of a 
protein meal, the concentration of the amino-acid nitrogen in the blood 
is usually decidedly higher than when the intestinal tract is empty 
after 1 or 2 days’ starvation. The earlier work of Folin and Denis 
(36), (37), (38), (39), (40), (41) shows the same thing, though these 
authors did not make any direct determinations of amino nitrogen. 

Bang (4) has published results which lead him to conclude that the 
amino nitrogen of the blood is not, as a rule, increased by feeding 
protein. But the figures which he gives as representing amino nitrogen 
are really obtained by subtracting the urea nitrogen from the total 
non-protein nitrogen of the blood (4, p. 105), and, on account of this 
and of their general irregularity, they should hardly be taken as con- 
tradicting the mass of opposing evidence based on more direct methods. 

Van Slyke and Meyer (104) have published figures for the amino 
nitrogen of the blood during several days’ starvation. The results are 
rather irregular, but indicate, on the whole, that there is no marked 
decrease in the amino nitrogen of the blood during starvation continued 
' for more than one or two days. 

The work of Folin and Denis (36), (39) gives strong reason for be- 
lieving that the quality of the amino-acid mixture contained in the 
blood of the general circulation is subject to alteration. These authors 
introduced various single amino-acids into the intestinal tract, and 
found that there was soon afterward a marked rise in the nitrogen 
fraction obtained by subtracting the urea nitrogen from the total 
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non-protein nitrogen of the blood. It would be difficult to explain this 
result without supposing that the blood obtained during the absorption 
of the single amino acid contained much more of this latter body than 
was normal. | 

Three-rather elaborate experiments have been carried out by Cary 
to throw light on the changes produced in the concentration and quality 
of the amino acid mixture of the blood by various kinds of changes in 
the diet of milking cows, and also on the manner in which milk yield 
is affected by changes in the amino acids of the blood. Abstracts of 
this work have already been published (15), and Mr. Cary has kindly 
given me permission to discuss the work further in this article. 

All three experiments were begun with cows which were giving liberal 
quantities of milk, and which were on rations sufficient to provide for 
their maintenance and milk yield according to the figures given in the 
standard textbooks. Under these conditions, the composition and 
quantity of the milk and the concentration of amino-acid nitrogen in 
the blood and plasma were determined. The animals were then changed 
to rations which were inadequate in various respects, kept on these 
for varying periods, and finally changed back to the original adequate 
rations. Through all these changes, the composition and quantity of 
the milk and the concentration of amino-acid nitrogen in the blood and — 
plasma were determined. 

In the first experiment, the inadequate ration used contained only 
about half the required quantities of protein and total nutrients. 
In the second experiment, it contained half the required quantity of 
protein, but carbohydrate was substituted for the protein removed, 
so that it still contained the full requirement in total nutrients. In 
the third experiment, the inadequate ration contained the full require- 
ment in protein, but only about half the original quantity of total 
nutrients. The change was accomplished chiefly by removing carbo- 
hydrate from the ration. 

It will be possible, here, to give the results only in a very general way; 
those of the third experiment will be considered first. In this case, 
the reduction in the carbohydrate of the ration caused a reduction in 
milk yield, reductions in the amino-nitrogen content of the blood and 
plasma, and a reduction in the nitrogen content of the milk. The fat 
and sugar content of the milk remained practically unchanged. The 
results indicate that a shortage of carbohydrate ia the food affects the 


milk yield through changes brought about in the amino-acid mixture 
of the blood. 
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It is not really surprising that this should be the case. A milking 
cow must have a large supply of carbohydrate daily to put into her 
milk. This material must come either from the carbohydrate of the 
food, from carbohydrate stored in the body, or from the conversion of 
some other material into carbohydrate. The available carbohydrate 
store is always small, probably not enough to supply a moderate milk 
yield for more than a few hours. When, therefore, the carbohydrate 
in the food of a milking cow is severely cut, the animal must soon begin 
to manufacture the missing material from something else. It seems 
quite reasonable to suppose that under such circumstances the liver 
would be stimulated to deaminize more rapidly the amino acids carried 
to it in the portal blood, and thereby to supply the missing carbohydrate 
and to reduce the concentration of amino nitrogen in the general 
circulation. 

In view of the results of the experiment just described, it is not 
surprising to find that in the first experiment where the protein and 
total nutrients of the ration were reduced together, there was a very 
marked reduction in the amino-acid nitrogen of the blood, in the milk 
yield, and in the concentration of milk nitrogen. The milk sugar con- 
tent was not determined in this experiment; the concentration of milk 
fat showed a general tendency to rise a little. 

In the second experiment the quantity of protein in the ration was 
reduced, while the quantity of total nutrients remained unchanged. 
But, in this case, 50 per cent of the protein in the original adequate 
ration consisted of casein and lactalbumin, and 50 per cent consisted 
of vegetable protein. The reduction was made by leaving out all the 
casein and lactalbumin; and, as a consequence of this, the protein in 
the inadequate ration was not only reduced in quantity but also de- 
cidedly inferior in quality, as far as its relation to milk secretion was 
concerned. The result of the change in diet was that the quantity and 
nitrogen content of the milk were reduced, while the concentration of 
amino-acid nitrogen in the blood remained unchanged. In this experi- 
ment again, the sugar content of the milk remained unchanged on the 
inadequate diet. The fat content was decidedly decreased. 

It is probable that the changes in quality of the food protein made 
by the change in diet brought about a corresponding change in the 
quality of the amino-acid mixture of the blood, and that this change 
produced the lowered milk yield and the lowered concentration of milk 
nitrogen, in spite of the fact that the concentration of total amino-acid 
nitrogen in the blood remained unchanged. 
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In a more recent experiment, the protein in the diet was reduced 
without changing its quality. In this case the same effects were ob- 
tained on milk yield as in the preceding experiment, and the concen- 
tration of amino-acid nitrogen in the blood was decidedly reduced. 

When the animals in the experiments described above were changed 
back to the adequate rations, the changes in the milk yield and in the 
concentration of amino-acid nitrogen in the blood were not the exact 
reciprocals of those which were obtained by the change from the ade- 
quate to the inadequate rations. The reason for this is probably that 
the inadequate rations induced negative nitrogen balances, and that 
the animals were, therefore, in quite different nutritive condition at 
the beginning and end of each period on inadequate rations. It is 
unfortunately impossible to give any discussion of this aspect of the 
experiments here. 

The most important general conclusions to be drawn from the experi- 
ments which have just been described are that both the quantity and 
the quality of the amino-acid mixture circulating in the blood are 
changed by changes in diet, that these changes have a marked influence 
on milk secretion, and that protein metabolism is intimately related 
to the metabolism of both carbohydrate and fat. A change in the 
carbohydrate of the diet may affect the amino-acids of the blood, and 
thereby the secretion of milk protein; and a change in the protein of 
the diet may affect the secretion of milk fat—probably again through 
a change in the amino-acids of the blood. 

2. Relation between milk secretion and the carbohydrate, phosphatid 
and calcium of the blood. No experiments have been carried out in 
which the milk yield and either the dextrose, phosphatid or calcium 
of the blood have been studied simultaneously. But there is a good 
deal of evidence in regard to how the concentration of these three 
constituents of blood varies under various physiological conditions; 
and, also, as to how variations in the quantity of carbohydrate, fat, 
phosphorus and calcium in the food affect the milk yield. Bringing 
these two sets of investigation into relation with each other throws a 
good deal of light on the physiology of nutrition and of milk secretion. 

The concentrations of both dextrose and phosphatid in the blood are 
subject to considerable variation. The blood sugar content may vary 
with the quantity of carbohydrate supplied in the food (77, p. 223), 
and is also altered by such influences as anxiety, pain and anesthesia 
(13, pp. 66-80) (100). The concentration of milk sugar, on the other 
hand, is surprisingly constant (89), (90), (91), (92), (25), (15). None 
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of the investigations so far carried out throws any light on the question 
whether milk secretion is affected by changes in the concentration of 
blood sugar. In Cary’s investigation (15) the milk yield was found to 
decrease when the carbohydrate in the ration was greatly decreased. 
But Cary’s work shows that a reduction in the carbohydrate of the food 
causes a reduction in the concentration of amino nitrogen in the blood 
and also a reduction in the concentration of the milk nitrogen. It is - 
quite probable that changes in the amount of carbohydrate supplied 
in the food, and changes in carbohydrate metabolism generally, affect 
the milk yield through changes which they induce in protein metabolism 
rather than through any change brought about in the concentration of 
carbohydrate in the blood. The same comment would apply to a 
number of researches in which the effects of phlorhidzin administration 
on milk yield and on the concentration of milk sugar were studied 
(17), (19), (93), (94), (95). 

The concentration of phosphatid in the blood has been shown to be 
increased by feeding fat (9), (10). It is also increased during milk 
secretion independently of the food supply (84). The work of Morgen 
and his collaborators (89), (90), (91), (92) shows that the concentration 
of milk fat may be influenced by the fat of the food; that of Jordan, 
Hart and Patten (69), that it may be influenced by the phosphorus 
contained in the food. It seems likely that changes in the quantity of 
fat or phosphorus contained in the food influence the secretion of milk 
fat by bringing about changes in the concentration of phosphatid cir- 
culating in the blood; but as yet no direct proof of this proposition 
has been adduced. 

The concentration of calcium in blood plasma is more constant than 
that of any other consitutent which has been hitherto studied. In 
adult human beings and cattle the normal limits are from 9 to 11 mgm. 
per 100 ce. plasma (51), (64), (66), (72), (73), (74), (82), (84),(87). The 
changes in concentration which can be brought about by changing the 
quantity of calcium in the food of these animals are barely outside the 
limits of error for the determinations (8), (50), (84). It is not surprising, 
therefore, to find that reductions in the amount of calcium in the food, 
even when sufficient to bring about a marked negative calcium balance, 
have no immediate effect on milk secretion (33), (42), (43), (44), (52). 

It will be seen from the foregoing paragraphs that our knowledge of 
the manner in which diet affects milk secretion through changes brought 
about in the concentrations of the various milk precursors in the blood 
is still in a very fragmentary state. The evidence now on hand seems 
to justify the following views. 
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Milk secretion is preéminently affected through changes in the 
quality and quantity of the amino-acid mixture circulating in the blood. 
Such changes are brought about by changes in the quantity or quality 
of the protein fed, and also by marked changes in the quantity of the 
non-protein portion of the ration. They tend to affect the whole 
amount of milk yielded rather than the concentration of protein in 
the milk, though the latter kind of change can easily be detected when 
the experimental conditions are appropriate. The amino-acid mixture 
circulating in the plasma seems, under certain circumstances, to have 
an effect on the secretion of milk fat. 

In the experimental procedures hitherto used the effects on milk 
secretion of changes in carbohydrate metabolism are confused with the 
effects of changes induced in protein metabolism. It is improbable 
that milk secretion is affected by any changes in the concentration of 
blood sugar which can be brought about under ordinary circumstances. 

Milk fat is derived from the phosphatid of the blood plasma. Its 
secretion is probably, to some extent, dependent on the concentration 
of phosphatid in the blood, and therefore on both the fat and phosphoris 
supplied in the food. That milk fat is usually derived from food fat is 
shown not only by the work of Morgen and his collaborators frequently 
referred to above, but also by numerous investigations in which it has 
been shown that the quality of the milk fat is influenced by the quality 
of the food fat and that fatty acids not norraally contained in butter 
can be made to appear in it if they are supplied in the food. As ex- 
amples of the evidence for these two propositions, the work of Eckles 
and Palmer (26) and of Bowes (12) may be referred to. These authors 
give references to previous work on the subject. The connection be- 
tween the secretion of milk fat and the phosphorus of the food is shown 
by the work of Jordan, Hart and Patten (69). 

The work of these authors shows that the concentration of milk 
phosphorus is not affected by the phosphorus supplied in the food, 
though the concentration of milk fat is affected; and the reason for this 
rather peculiar situation is given in the work of Meigs, Blatherwick and 
Cary (84). The phosphatid of the blood contains more phorphorus 
in proportion to fat than does the milk. In taking sufficient phosphatid 
from the blood to provide for the milk fat, therefore, the mammary gland 
always gets more phosphorus than is required to go into the milk, and 
it returns the surplus to the blood as inorganic phosphate. It is quite 
conceivable that the return of this extra phosphorus to the blood 
might be independent of the amount of phosphorus contained in the 
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food, and that the concentration of phosphorus in the milk might, 
therefore, be independent of the food phosphorus. 

The calcium contained in milk must be derived from the calcium of 
the blood plasma or from some part of it. The plasma calcium may, 
therefore, be regarded as the precursor of the milk caletum. The con- 
centration of plasma calcium is extremely constant and largely in- 
dependent of the food supply. It is not surprising, therefore, to find 
that changes in the quantity of calcium in the food have no immediate 
effect on milk secretion. A long-continued deficiency of calcium and 
phosphorus in the food does finally bring about a reduction in milk 
secretion, as has been shown by Fingerling (33). But the same author 
shows that, as the total yield of milk falls off, the concentration of 
calcium and phosphorus therein rises; and it seems quite possible that 
a deficiency of calcium in the diet may affect milk yield in some indirect 
way, and not through a change in the calcium content of the blood 
plasma. 

IV. QUANTITATIVE ESTIMATIONS OF THE AMOUNTS OF PROTEIN AND 
ENERGY REQUIRED FOR MILK SECRETION. An account of the relation 
between milk secretion and diet would be incomplete without a brief 
review of the attempts which have been made to determine the quanti- 
ties of protein and total nutrients or energy required to support a given 
amount of milk secretion in cows. 

Accounts of the work along these lines and references to the literature 
are given in the standard textbooks on cattle feeding (3), (60), (71), 
(75), and tables are published in which it is stated that a cow of a given 
weight requires a certain quantity of protein and a certain quantity 
of total nutrients for her maintenance, and, in addition, so much protein 
and so much nutrients for each pound of milk with a given fat content. 

It is clear from a study of the original work on the subject that the 
aim has been to determine the quantities of protein and nutritive energy 
necessary to keep a cow in nutritive equilibrium when she is giving a 
certain quantity of milk. The difficulties in the way of making such 
determinations are very considerable. It requires, in the first place, 
an elaborate and expensive experiment to determine whether an animal 
is in nitrogen equilibrium or in energy equilibrium: many of the in- 
vestigators of the subject have not attempted to do this accurately, 
but have merely used the body weight as a rough indication as to 
whether their animals were in nutritive equilibrium or not. Further 
difficulties are introduced by the natural variation in the qualities of 
foods, and in the different proportions of the same digested by different 
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animals or by the same animal under different conditions. In the case 


of protein, finally, there is, strictly speaking, no such thing as a quan- . 


titative requirement for milk secretion at all. The milk proteins con- 
tain certain amino-acids, such as tryptophane and lysine, which cannot 
be manufactured from other materials by the animal body and which 
are contained in varying amounts in certain vegetable proteins and are 
absent altogether from others (105, pp. 70 et seq.). The quantity of 
protein required to support a given milk yield will vary, therefore, 
with the quality of the protein supplied; and it is obvious that the 
figures given as the protein requirement for milk secretion cannot be 
taken as generally accurate for all kinds of protein. They represent, at 
best, the requirement for milk secretion of the particular kind of pro- 
tein used in the experiment in which they were obtained. 

In spite of all these difficulties, the figures obtained by different in- 
vestigators do not vary so widely as might be supposed. As was to 
have been expected, the figures given for protein requirement are the 
most variable. It is difficult to make a thorough-going comparison 
of all the figures, because the different investigators give their results 
in different terms which are not strictly comparable. In a general 
way, however, it may be said that the difference between the high and 
low figures given for protein requirement amounts to about 33 per cent 
of the latter; while the same difference in the case of total nutrients or 
energy amounts to about 13 per cent (3, p. 714; 60, pp. 133 and 667). 
If the figures for the requirements are compared with the products 
obtained in the milk, it will be found that the production of a gram of 
protein or of total nutrients in the milk requires about twice that weight 
of protein or of total nutrients in the food, in addition to the main- 
tenance requirement (60, p. 133). 

The optimum yield of a milking animal is often considerably above 


that which she will give when kept in nutritive equilibrium. A clear . 


discussion of this phase of the subject is given by Armsby (3, pp. 513 et 
seq.). If fed more than is required to preserve nutritive equilibrium, 
the lactating animal will put part of the surplus into an increased 
energy output, part into body growth, and part into increased milk 
yield. Just what proportion of the increased food intake will take each 
of these three outlets under different circumstances is a question of very 
great practical importance, but there are considerable difficulties in 
the way of its investigation, and it has so far hardly been touched. 
V. VITAMINES AND MILK SECRETION. The question of the relation of 
vitamines in the diet to milk secretion has, as yet, been little studied. 
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The whole subject is too new to make possible any very detailed dis- 
cussion or definite conclusions, but there are not wanting results which 
point to its importance, and these will be briefly referred to. An 
extensive review of the general subject of vitamines in nutrition is 
given by Sherman (100a). 

It is probably a mistake to suppose that the three little known ma- 
terials which at present occupy the center of the stage under the name 
of vitamines are the only unknown chemical compounds which are 
required for the nutrition of all animals under all physiological con- 
ditions. We already have hints of the existence of one or two rivals, 
and it is altogether probable that a good many more will make their 
appearance as soon as investigators begin to search for them. For 
some time past evidence has been in existence which indicates that there 
are compounds which have an influence on milk secretion in addition 
to those generally recognized. 

The evidence in question comes from the work of Morgen and his 
collaborators (32), (91). These investigators found that when milking 
animals were fed on a basal ration of factory products, their milk yield was 
noticeably increased by the addition of small quantities of what they 
call ‘‘ Reizstoffe’’—certain aromatic seeds and the water extract of 
meadow hay. The basal rations in these experiments were probably 
low in all three vitamines, and the beneficial effects on milk yield of 
adding the “Reizstoffe’? may have been due to the addition of either 
the water-soluble or the fat-soluble vitamine, or of both. It is possible, 
on the other hand, that they were due to some material not identical 
with any of the three vitamines which are receiving so much considera- 
tion at present. 

According to McCollum (79), the fat-soluble vitamine is generally 
represented fairly well in the leaves of plants. while the water-soluble 
is everywhere plentifully present in seeds. Most cattle rations com- 
posed of grain and hay ought, therefore, to contain these two vitamines. 

It seems likely, however, that milking animals kept on the usual 
winter rations would get very little of the antiscorbutic vitamine in 
. their food. Barnes and Hume (5) have reported that the antiscorbutic 
property of cow’s milk varies with the season, and Hart, Steenbock and 
Ellis (58) have published experiments showing that the milk from cows 
on pasture contains more of the antiscorbutic vitamine than that from 
cows fed exclusively on winter rations. These results have been con- 
firmed by Hess (62) and by Dutcher and others (23). They indicate 
that the antiscorbutic vitamine is not synthesized by milking animals, 
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and that its absence from the food reduces its concentration in the milk 
rather than the total milk yield. 

McCollum, Simmonds and Pitz (78), (80) have described experi- 
ments which indicate that the growth of young nursing rats is retarded 
when the fat-soluble and water-soluble vitamines are absent from the 
diet of their mothers. The authors believe that this is due to a reduced 
concentration of the vitamines in the milk rather than to a reduction 
of the total milk yield, but they adduce no experimental evidence in 
support of their belief. Dutcher (23), however, and Hughes (65) have 


announced that in experiments to be published later they have shown: 


that it is possible to reduce the concentration of either the fat-soluble 
or the water-soluble vitamine in milk by withholding these materials 
from the food of the nursing mother. 

Hart, Steenbock and Hoppert (59) find that milking goats fed the 
fresh green oat plant assimilate calcium better than when fed the same 
plant in the dried state, and they attribute the better calcium assimila- 
tion to a vitamine contamed in the fresh material. The connection 


between milk secretion and calcium assimilation is so important that - 


these experiments will be considered here, although they do not bear 
directly on the relation between vitamines and milk secretion. 

Hart and his collaborators carried out further experiments directed 
toward determining the nature of the material which is contained in 
the green oat plant, and which facilitates calcium assimilation. They 
determined the calcium balance in animals which were fed on a basal 
ration of dried materials with additions of cabbage, orange juice, butter- 
fat or cod-liver oil. The cod-liver oil was the only one of these ma- 
terials which facilitated calcium assimilation. The authors consider 
the results with cabbage and orange juice sufficiently definite to show 
that the antiscorbutic vitamine has no favorable influence on calcium 
assimilation. They do not think that the results with butter fat are 
conclusive, and they leave open, therefore, the question whether the 
material which facilitates calcium assimilation is the fat-soluble vita- 
mine or some unknown material contained in cod-liver oil. The 
question whether absence of the fat-soluble vitamine from the diet 
may be a cause of the faulty calcium assimilation characteristic of 
rickets has been studied by a number of investigators with rather 
varying results (61), (63), (81), (85), (86), (101). 

The work on the relation between milk secretion and the vitamine 
' content of the diet, which has just been reviewed, may be summarized 
by saying that the evidence so far obtained tends to indicate that 
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changes in the vitamine content of the diet influence directly the con- 
centration of vitamines in the milk rather than the amount of milk 
secreted. Whatever influence the vitamines of the food may have on 
milk yield is probably indirect and therefore more or less delayed. The 
field, however, is too new to justify the drawing of any very positive 
or detailed conclusions. 
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THE FATE OF FOREIGN ORGANIC COMPOUNDS IN THE 
ANIMAL BODY 


CARL P. SHERWIN 
The Department of Chemistry, Fordham University, New York City 


Due to the fact that it is utterly impossible in an article of two or 
three dozen pages to consider any particular part of so vast a subject 
in detail, generalities alone will be emphasized. Furthermore, as the 
references which bear directly on the matter nuniber at present over 
two thousand with perhaps as many more which are very closely re- 
lated to this type of work, we have been obliged to limit the bibliography 
to those references which are the more important. Heffter (37) in 
his Ergebnisse article has covered the literature quite fully up to the 
year 1904. One is also referred to Frankel’s excellent work Arzneimit- 
telsynthese (31) particularly for a discussion of the subject from the 
standpoint of pharmacology. 

Foreign organic compounds introduced into the animal body by way 
of the gastro-intestinal tract or by subcutaneous or intravenous in- 
jections can not be considered as foods but must be treated under the 
collective heading of poisonous or toxic substances. The problem, 
therefore, is one of toxicology rather than of normal physiology or 
physiological chemistry, and resolves itself into a study of the “chemical 
defense mechanism of the animal organism.’ The animal body, 
in order to protect itself from these toxic materials, must be able either 
to destroy them completely or, if this is impossible, to detoxicate them 
in one way or another and eliminate them in one of the body’s excre- 
tions; and as the urine is the usual channel of elimination, the solubility 
of the detoxication products becomes a very important factor. 

To attain these ends the body has at its command a series of chemical 
reactions—reactions, by the way, which we are unable at the present 
time to duplicate in our best equipped laboratories. The first method 
of attacking a foreign molecule seems to be an attempt at complete 
oxidation. This, in the majority of cases meets with at least partial 
success. If the compound be an aliphatic fatty acid its destruction 
will likely be complete; if it be an aromatic derivative of a long chain 
acid the side chain will likely be reduced to one or two carbon atoms, 
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depending, as we shall see later, on the number of carbons composing 
the original chain. In some cases reduction is used as a precursor of 
oxidation, and in a few instances as an independent reaction. Should 
the foreign molecule be able to withstand these types of attack, or 
yield to them at most only partially, it is necessary for the body to 
have recourse to a synthetic type of reaction, combining the toxic 
substance with some radical or molecule which it has at its disposal, 
In this way not only is the toxicity reduced but the resulting product 
is rendered more soluble. This synthetic type of reaction embraces 
both the conjugation with one of the amino acids such as glycocoll, 
glutamine or cysteine, or perhaps with sulphuric or glycuronic acids; 
as well as methylation, acetylation and uramino acid formation. 

Knoop (52) noticed that whenever an aromatic derivative of a fatty 
acid was fed to an animal it appeared in the urine either as benzoic 
acid or phenylacetic acid in combination with glycocoll, i.e., as hippuric 
or phenaceturic acids. Further consideration showed that the benzoic 
acid formers were invariably those containing an odd number of carbon 
atoms in the chain, such as phenylpropionic or phenylvaleric acids, 
while those acids like phenylbutyrie and phenyleaproic, containing an 
even number of carbon atoms in the side chain always produced pheny]- 
acetic acid. No acid with an odd number of carbon atoms in the chain 
ever furnished an intermediary product of metabolism with an even 
number of carbons. Accordingly he ccncluded that these compounds 
must be shortened by the splitting off of two carbons at a time, that 
is to say, the 8-carbon was in each case the target for oxidation. This 
view was strongly supported by the work of Dakin (18) who detected 
8-phenyl-8-hydroxy-propionic acid in the urine after feeding phenyl- 
propionic acid. 


C.H;-CHOH-CH,-COOH 
Phenylpropionic Acid Acid. 


It has been pointed out, moreover, by various investigators that the 
natural fats are composed of fatty acids consisting of an even number 
of carbon atoms and that these fats in the organism of the diabetic 
are the precursors of 6-hydroxy-butyric acid. Likewise the unsaturated 
side chain aromatic acids apparently undergo §-oxidation. Thus 
cinnamic acid, C,;H;-CH:CH-COOH, is oxidized to benzoic acid 
(27) in the animal body to form f-phenyl-8-hydroxy-propionic acid 
(21) as an intermediary product. 
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Amino acids, particularly aliphatic a-amino acids, R -CHNH2-COOH, 
are apparently subject to attack at the a-carbon position, and either 
by oxidative or hydrolytic deamination are converted into a-hydroxy, 
R-CHOH-COOH, or a-keto, R-CO-COOH, fatty acids. In either 
case but one carbon atom is split off, and the a-carbon is oxidized to a 
carboxyl group. The fatty acid thus formed is then subject to the 
general rule of 8-oxidation. 

Alcohols of the aliphatic series are oxidized to the corresponding acids, 
for example, methyl alcohol to formic acid (80). Primary and second- 
ary alcohols as a rule are easily oxidized in the organism, but tertiary 
aleohols are apparently burned with great difficulty. Thus ethyl 
alcohol in small amounts is completely changed to carbon dioxide and 
water, and isopropyl alcohol, (CH;),CHOH, is largely converted into 
acetone (CH;)2CO (5), whereas tertiary alcohols are usually excreted 
in combination with glycuronic acid, as was found for tertiary amyl 
alcohol, and tertiary butyl alcohol, (CHs);- 
COH. The halogen substituted alcohols are as a rule excreted in 
combination with glycuronic acid and seem particularly resistant to 
oxidation (71). Two well-known cases are trichlorethyl alcohol, 
CCl;-CH2OH, (70) and trichlorbutyl alcohol. Aldehydes are seldom 
if ever found as intermediary products of alcoholic oxidation, but con- 
versely the reduction of aldehydes to alcohols as chloral, CCl;-CHO, 
to trichlorethyl alcohol, CCl;-CH.OH, is by no means rare. 

The dicarboxylic acids are in general more resistant to oxidation 
than the fatty acids. Thus oxalic acid, (COOH), according to some 
authors is not oxidized at all (66); however, when malonic acid, COOH -- 
CH:-COOH, is fed, relatively small amounts of the unoxidized material 
appear in the urine, while traces of it are excreted as oxalic acid. Sue- 
cinic acid, (COOH-CH2)s, and glutaric acid, COOH-(CH:);-COOH, 
are quite easily burned by the organism. It would seem from this 
that the resistance to oxidation of this series of acids decreases with 
rise of molecular weight, following much the same rule as that laid 
down for physiological oxidation of the fatty acids, namely, that the 
possibility of oxidation varies indirectly with the volatility of the 
member of the series. Both rules, however, have many exceptions, 
particularly the one regarding the dicarboxylic acids. Thus adipic 
acid is much harder to oxidize than any of the lower members of the 
series. 

Some of the lower hydroxy, aldehyde and keto acids are important 
on account of their relationship to the probable intermediary products 
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of carbohydrate metabolism. Glycollic acid, CHXOH-COOH, and gly- 
oxylic acid, CHO-COOH, are both oxidized in a large measure to oxalic 


acid, (COOH):, (16). Pyruvie acid, CH;-CO-COOH, administéred 


in small doses, appears to be completely oxidized, whereas, after sub- 
cutaneously injecting into a cat 7 grams of the substance as the sodium 
salt, (25), there appeared in the urine of the animal glucose, dl-lactic 
acid and the sodium salt of some unchanged pyruvic acid. 

The amides of the higher fatty acids are easily hydrolyzed into am- 
monia and the corresponding fatty acids, the ammonia fraction going to 
increase the urea output while the fatty acid is subject to decomposi- 
tion according to the rule of 6-oxidation. The amides of the lower 
fatty acids, on the contrary, such as acetamide (25), CH;-CONHk2, 
appear to be very resistant to oxidation and pass through the organism 
unchanged. The a-amino acids found in protein, of the type 
R-CHNH:-COOH, are completely destroyed in the animal body after 
an initial process of oxidation or hydrolytic deamination, which shows 


that the amino group is the most sensitive part of the molecule. It. 


is interesting to note that while the optical antipodes of these amino 
acids are usually treated by the body as non-toxic foreign substances 
and excreted unchanged in the urine, the dl-forms of some of the lower 
amino acids are completely oxidized, for example, dl-alanine, 
CH;-CHNH:2:-COOH (33). 

A number of investigators have substituted one or both of the hydro- 
gen atoms of the amino group of these acids and fed them, with the 
result that they were found to be very resistant to oxidation. Fried- 
mann noted that when the amino acids found in proteins were mono- 
methylated, R-CH(NH-CH3;)-COOH, the lower members of the series 
were excreted free to the amount of about one-third of the total that was 
fed, while the higher members were excreted almost quantitatively. 
A number of the amino acids have been benzoylated (65), R-CH(NH-- 
CO-C,Hs)-COOH, or phenylacetylated (96), R-CH(NH-CO-CH2-C,- 
H;)-COOH, with the result that they also were excreted in the free 
state. 

The unsaturated aliphatic acids are completely oxidized in the body 
as is shown in the case of acrylic acid, CH2:CH-COOH, (63). The 


corresponding aromatic acids, however, are oxidized only to benzoic or 
phenylacetic acids. 


C.H;-CH:CH-COOH — C,H;-COOH 

Cinnamie Acid. Benzoic Acid. 
C.H;-CH.-CH:CH-COOH C,H;-CH.-COOH 
Phenylisocrotonie Acid. Phenylacetic Acid. 
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The y-substituted fatty acids are mostly excreted unchanged, but a 
few are converted into their lactone forms. Thus phenylbutyric acid, 
C;H;-CH2-CHe-CH2-COOH, is excreted as its lactone. An interest- 
ing exception to this common rule is the case of phenyl-y-keto-butyric 
acid, C;H;-CH2.-CO-CH:-COOH. In this case the carbonyl group is 
apparently reduced and the phenylbutyric acid thus formed is then 
oxidized to phenylacetic acid and excreted in combination with glycocoll 
(phenaceturic acid). 

In the oxidation of aromatic substances many complications are met 
with. Ina simple case like the pheny! derivative of a fatty acid there is 
mere $-oxidation of the side chain, but where there are two or more 
side chains or substitution products so many new factors appear that 
these cases are best dealt with separately. In general the benzol ring 
is very resistant to the oxidizing forces of the body, so much so, in fact, 
that the breaking of this ring is found in exceedingly few cases. The 
notable cases are those acids possessing a chain of three carbon atoms, 
one end of which chain is attached to the benzol ring while the center 
carbon holds an amino group (6),(7),(13),(91),(92), as phenylalanine, 
C,;H;-CH:-CHNH2-COOH, or tyrosine, 
COOH or a-aminocinnamic acid, CsH;-CH:CHNH,-COOH. 

Again, isophthalic acid, CsHy-(COOH)s, (1-3), and terephthalic acid, 
(COOH). (1-4), are said, to some extent at least, to be com-— 
pletely oxidized in the body (82), while the o-compound, C;H4- (COOH), 
(1-2), phthalic acid itself, is not subject at all to oxidation (81). After 
the feeding of o-nitro-benzaldehyde to dogs Cohn (14) found only about 
10 per cent of the material excreted unchanged and believes that the 
remainder was oxidized in the body. Sherwin and Hynes (95) ob- 
tained much the same results after feeding the compound to dogs 
and rabbits, but when human subjects were employed, 80 per cent of 
the ingested material was recovered as o-nitrobenzoic acid. This 
negative sort of evidence hardly justifies one in making the assertion 
that this is another case where the o-compound is easily destroyed in 
the body while the m- and p-compounds remain unoxidized (32). In 
this case, as in many others, the o-compounds appear to be so much 
more toxic than the m- and p-compounds that they must be fed in 
much smaller doses. Accordingly they may be lost in the attempt to 
isolate them or may be handled by the body in some as yet undis- 
covered way and thus escape detection in the urine. The most in- 
teresting compound is benzol itself, but there is so much conflicting 
evidence regarding its fate in the body that the entire question should 
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be reinvestigated. Jaffé (48) discovered an unsaturated acid in the 
urine of animals after feeding benzol and was able to isolate muconic 
acid. On injecting muconic acid into rabbits in amounts as large as 
2 grams he was able to recover only 1 per cent of the substance un- 
changed. From this work one is led to believe that about 25 to 30 
per cent of the ingested benzol was split into muconic acid, but the 
muconic acid being an easily oxidizable substance was further burned 
to water and carbon dioxide leaving only a trace of the intermediary 
product of metabolism for excretion. If this be the case the reaction 
is expressed by the following simple equation: 


H 
HC CH HC COOH 
| +20 | +60; — 6CO,+3HOH 
HC CH HC COOH 
| | 
H H 
Benzol. Muconie Acid. 


There is a very close relationship between the saturated and un- 
saturated acids insofar as their physiological ozidation is con- 
cerned. It seems therefore rather improbable that muconic acid should 
be so easily oxidized when the corresponding saturated acid, adipic 
acid, is oxidized with so great difficulty. 


COOH-CH:CH-CH:CH-COOH COOH: 
Muconie Acid. Adipic Acid. 


With this point in view, Mori (73) repeated the work of Jaffé and was 
unable to substantiate his claims. On the contrary, Mori found that 
after injecting 0.8 gram muconic acid into rabbits 73 per cent of the 
substance, on the average, was excreted unchanged, and adipic acid 
injected in the same quantities, was eliminated as such to the amount of 
61 per cent. After administering adipic acid there was always an 
increase in oxalic acid excretion as a result of the B-oxidation ef some of 
the adipic acid, but not even this evidence of oxidation was noted in 
the case of muconic acid. Not only does this destroy our most plausi- 
ble explanation for the oxidation of the aromatic nucleus in the body 
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but it also excludes the probability of the existence of muconicacid 
as an intermediary metabolic product of benzol. 

It has been stated above that a-amino-8-phenylpropionic acid 
(phenylalanine) and some of its derivatives are completely burned in 
the body. Tyrosine, which is phenylalanine with an -OH group in 
the p-position, is seemingly burned with as much ease as phenylalanine 
itself. If, however, the position of the -OH group in the ring be changed, 
i.e., if o- or m-hydroxyphenylalanine instead of the p-hydroxy com- 
pound be fed, there is a very slow and incomplete oxidation, resulting 
so far as it proceeds, in the formation of o- or m-hydroxyphenylacetic 
tic acid (11), (28). M-chlorphenylalanine as well as the p-chlor com- 
pound have been found to yield the corresponding phenylacetic acids 
(34). Dakin (20), however, found that both p-methylphenylalanine, 
CHNH2:-COOH, and p-methoxyphenylalanine, CH;0-- 
CsH,-CH.-CHNH,.-COOH, were easily and completely oxidized in the 
body of patients suffering from alkaptonuria. This, with other in- 
stances (12), signifies that a methyl (-CH;) group in the benzol ring 
does not act as a hindrance to the oxidation of the ring. A chlorine 
atom, however, in any position proves a block to further oxidation 
rather than a sensitive point at which the ring may be split. 

Perhaps the most resistant to oxidation are the phenyl substitution 
products of the fatty acids. These as we have previously seen are 
first oxidized to benzoic or phenylacetic acids, then combined in most 
cases with glycocoll to form the corresponding hippuric or phenaceturic 
acids. Not only is this true of the long chain phenyl! derivatives of 
the fatty acids but it also holds for most of the substitution products 
of these acids where one or two hydrogen atoms in the ring have been 
replaced by a nitro group, an amino group, a hydroxy group or one of 
the halogens. 

Where there have been substitutions in the side chain of the acid, 
oxidation of this side chain is either hindered or facilitated, depending 
first, on the number of carbons in the chain, and secondly, on the posi- 
tions and kinds of substituted groups. We have previously seen that 
aromatic acids with three carbon atoms in the side chain, containing 
also an a-amino group, for example, a-amino-8-phenylpropionic acid, 
are completely oxidized in the animal body. This is likewise true of 
certain a-hydroxy and a-keto acids, such as 6-phenyllactic acid, CsH;-- 
CH:.-CHOH-COOH, and phenylpyruvie acid, CgH;-CH,.-CO-COOH. 
If, however the amino, hydroxy or keto group occupies a 6-position, 
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oxidation is incomplete, for the side chain alone is attacked. Thus 
8-phenyl-8-aminopropionic acid, and 
phenyl-8-hydroxypropionic acid, CsH;-CHOH-CH:-COOH, are both 
oxidized only to benzoic acid, while benzoylacetic acid, CsH;-CO:CHe-- 
COOH, (19), is partly excreted as such and partly as acetophenone, 
C.sH;-CO-CHs, together with some §-phenyl-8-hydroxypropionic acid, 
and some cinnamic acid, CsH;-CH:CH-:- 
COOH, the latter in combination with glycocoll. This a reduction 
without 8-oxidation, found in the B-amino or 6-hydroxy acids. Phenyl- 
acetic acid also forms a-amino, a-hydroxy and a-keto compounds. 
If d-phenylglycine, CsH;-CHNH2-COOH, is fed, mandelic acid, CsHs-- 
CHOH-COOKH, is excreted, probably with the formation of phenylgly- 
oxylic acid, CsH;-CO-COOH, as an intermediary product (77). When, 
however, dl-phenylglycine is ingested, there appears in the urine chiefly 
l-phenylglycine along with dl-acetylaminophenylglycine, CsH;-CH-- 
(NH-CO-CH;)-COOH, |l-mandelic acid and glyoxylic acid (78). The 
three latter substances are degradation products of the d-phenylglycine. 
A small fraction of both the d- and the l-compounds is oxidized to 
benzoic acid. Phenylglyoxylic acid when fed to dogs or human beings 
is reduced to l-mandelic acid. From the literature it is difficult to 
decide whether the l-mandelic acid alone is formed or whether both the 
d- and the l-forms are produced but with different pathways of elimina- 
tion. Schempp (89) found only dl-mandelic acid in the urime of men 
and dogs after feeding phenylbromacetic acid, (CsH;-CHBr-COOH). 
Since simple hydrolysis of this compound, however, takes place even 
in moist air, Schempp’s finding is of little physiological importance. 
The separation of dl-substances into their active components with 
subsequent oxidation of one and total elimination of the other has 
been noted by various experimenters. Thus dl-p-hydroxyphenylgly- 
oxylie acid, 4-OH-Cs;H,;-CHOH-COOH, when fed to rabbits (24), 
is split into its optical antipodes followed by oxidation of the l-com- 
ponent and excretion of the d-form. 

Where more than one side chain is attached to the benzol ring, 
oxidation is usually confined to but one of these chains (74), (75), 
(76), (93). A few of the best known cases are those of m-xylene, 
p-cymene, mesitylene and pseudo-cymene. All of these are oxidized 
on one side chain to the corresponding acids: 
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CH; CH; 
HC CH HC CH 
| | +O, — || | 
HC C__CH; HC C__COOH 
| | | 
H H 
i m-Xylene. m-Toluic Acid. 
H 
4 | | 
H,C-C-CH; H,C-C-CH; 
Cc 
| | +0, — | | 
Hic CH HC CH 
\oF \cF 
| | 
CH; COOH 
p-Cymene. Cumic Acid. 
CH 
| 
HC CH HC CH 
| | | 
3 H;C-C C-CH; H;C-C C-COOH 
\ 
| | 
H H 
| Mesitylene. Mesitylenic Acid. 
CH; 
| 
JN 
HC C-CH; HC C-CH; 
| | || | 
HC CH HC CH 
\cF \cF 
| | 
CH; COOH 
Pseudo-cymene. Xylie Acid. 
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Cyclohexane is oxidized in a large measure to cyclohexanone and small 
amounts even further with ring splitting to adipic acid: 


H H H H. 
bi 
C C 
H.C CH, H,C CH; 
| +0 | | +0, COOH-(CH,).COOH 
C C 
| 
H H O 
Cyclohexane. Cyclohexanone. Adipie Acid. 


The naphthalene nucleus is also partially destroyed in the organism 
as was demonstrated by the interesting experiment of Kikkoji (51). 
He wished to compare the fate in the body of a double ring compound 
containing a side chain of three carbon atoms holding also an a-amino 
or a-keto group, with that of phenylalanine. He prepared two different 


compounds, a-naphthylalanine and $-naphthylalanine and fed them to 
dogs. 


C C 
ON 
HC C CH HC C 2»C-CH,- CHNH;-COOH 
HC C CH HC C 4 ‘CH 
\A 
| | | | 
H H H H 
a-Naphthylalanine. 6-Naphthylalanine. 


From the urine, after feeding the a-compound, he was able to isolate 
an unknown derivative of naphthylene which apparently had both rings 
intact. Nothing could be found that indicated that either ring had 
been split. After feeding 8-naphthylalanine, however, he found first 
that the side chain had been deaminized and shortened to two carbon 
atoms, then that a second reaction had split ring II with the formation 
of benzoic acid which was excreted as hippuric acid. The reaction is 
seemingly the one pictured below: | 
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/ 
HC C-CH,-CHNH;-COOH HC c 2C.CH,-COOH 


HC C CH HC C / 3CH 
XY 
| | | / | 
H H H/ H 
8-Naphthylalanine. 8-Naphthylacetiec Acid. 
H 


Benzoic Acid. 


He concludes from this that a-amino acids are shortened by one carbon 
at a time and that the splitting of the ring occurs between carbon atoms 
1 and 2 instead of between 3 and 4; else the resulting compound would 
have been phenylbutyric acid, CsH;-(CHe)3-COOH, which in turn 
would have been oxidized to phenylacetic acid, CsH;-CH»,-COOH, and 
have been found in the urine as phenaceturic acid. 

RepvuctTion. Reduction in the animal body, while not so common 
as oxidation, is by no means of rare occurrence. One of the first cases 
found in the literature is that of the reduction of chloral, CCl,;-CHO, 
to trichlorethyl alcohol, CCl;-CH2OH, (58), (59), (70), (71),—a reduc- 
tion, it may be remarked, which is brought about in the laboratory only 
with difficulty. Other reductions have since been found, such as that of 
quinone to hydroquinone: 
CH:CH, 


CH:CH 
co Hocy cou. 


CH:CH” 


Unsaturated acids are changed in the organism into saturated com- 
pounds, carbonyl (-CO) groups into secondary alcohols (-CHOH), 
and both may even be reduced to methyl groups (-CHs), (56) (100). 
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After feeding o-nitrotoluene, Jaffé (43), (46) found that the compound 
had been oxidized partly to o-nitrobenzyl alcohol and partly to o- 
nitrobenzoic acid. In this case there was very probably an oxidation 
to the aldehyde with a simultaneous oxidation and reduction analogous 
to the Cannizzaro reaction, R-CHO + R-CHO—R-CH,OH + R-- 
COOH. 

There is in the literature a number of cases where oxidation and re- 
duction occur simultaneously within the same molecule. A remarkable 


case of this kind was noted by Cohn (14) after feeding m-nitrobenzalde- 
hyde to rabbits: 


O 
+0 
C C 
O H O 
HC ONC + 3H, HC | 
\cF \cF HO > 
| | 
H H 
m-Nitrobenzaldehyde. m-Aminobenzoic Acetic Acid. 
Acid. 
C 
HC CH 


m-Acetylaminobenzoic Acid. 


Here we see the simultaneous oxidation of an aldehyde (-CHO) group 
to a carboxyl (-COOH) and the reduction of a nitro group to an amino. 
As a secondary reaction we have the interaction between the m-amino- 
benzoic acid thus formed and an acetic acid molecule resulting in the 
formation of an acetylamino compound. After feeding the p-nitro- 
benzaldehyde to rabbits there is formed in an analogous manner, p- 
acetylaminobenzoic acid from a part of the substance, while another 
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part is merely oxidized on the aldehyde group to p-nitrobenzoic acid. 
Then to complicate matters still more there is a combination of these 
two molecules through their nitrogen atoms (84). 


O O O O 
| || 
COH 
| 
IN IN 
HC CH HC CH HC CH HC CH 
HC CH HC CH HC CH HC CH 
\A \A 
| | | | 
H-N N H-N N 
| 
0:C-CH; oO oO 
CH; 
p-Acetyl- p-Nitro- Combination of molecules 
aminobenzoic benzoic I and II 
Acid. Acid. 


In contrast to the above mentioned nitrobenzaldehydes the o-nitro- 
benzaldehyde is excreted as o-nitrobenzoic acid only to about 10 per 
cent of the amount fed. The remainder has thus far escaped detec- 
tion. It is interesting to note here that the nitrobenzaldehydes act 
much differently in the organisms of the dog (99) and the human being 
(95). The o-nitro compound, when fed to dogs, also disappears in 
amounts as great as 90 per cent, while from the human organism it has 
been recovered in the form of o-nitrobenzoic acid in relatively large 
amounts. Both the m-nitro and the p-nitro benzaldehydes, instead of 
being reduced, in either case are oxidized to the corresponding acids 
and excreted to a large extent in combination with glycocoll, i.e., as 
m-nitro and p-nitro hippuric acids. Again, p-nitrophenylacetaldehyde, 
when fed to a human being, a rabbit and adog, was merely oxidized 
to p-nitrophenylacetic acid and eliminated in the urine without under- 
going either reduction or conjugation. 

The simultaneous reduction of a nitro group and the oxidation of 
some other group within the same molecule is not confined to the nitro 
aromatic aldehydes, but appears also in the case of nitrobenzol. This 
substance is first oxidized in the p-position to form p-nitrophenol. 
The nitro group is then reduced to an amino group yielding p-amino- 
phenol as an end product (72). 
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Cc Cc 
IN AN SN 
CH HC CH HC CH 
| | +o | +3H, — 
CH HC CH 
\oF 
| | 
H OH 
Nitrobenzol. p-Nitrophenol. p-Aminophenol. 


If, however, m-nitrophenol (8) is fed to rabbits, only a portion of it is 
reduced to m-aminophenol. Much more striking, however, is the case 
of o-nitrophenol which is excreted by rabbits unchanged. Picrie acid 
(2,4,6-trinitrophenol), according to some authors (85) is excreted merely 
combined with sulphuric acid, while according to others (4), a reduction 
takes place and the substance appears as picramic acid: 


OH OH 


-C 
| N 
N ON 
EN, 
Oo O 
Picrie Acid. Picramic Acid. 


Perhaps the most remarkable case of reduction ever observed was 
that noted by Hoppe-Seyler (40), who fed to rabbits o-nitrophenyl- 
propiolic acid and found in the urine a substance identical with urinary 
indican, i.e., as a compound of indoxyl] with either potassium hydrogen 
sulphate or glycuronic acid. The reaction is apparently that repre- 
sented below, namely, a reduction of the nitro to an amino group and 
also a reduction in the side chain with the formation of o-aminoacrylic 
acid, then a closing of the ring resulting in the formation of indol. This 
compound thereupon loses carbon dioxide and is oxidized to indoxy]l, 
which is then conjugated with potassium hydrogen sulphate and excreted 
as indican. 
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H H H 
Cc 
HC C-C=C-COOH HC C-CH:CH-COOH HC C——CH 
HC HC HC Cc C-COOH 
| | | | 
H H H H 
o-Nitrophenyl- o-Aminopheny!l- Indol-2-Carboxylic Acid. 
propiolic Acid. acrylic Acid. 
H H 
| | 
HO O Orn 
HC C——C-OH HC C——C-0-S8-0-K 
| | + | || 
HC C CH LN HC C CH O 
| | | | 
H H H H 
Indoxyl. Indican, 


DEAMINATION. Hydrolytic or oxidative deamination of foreign or- 
ganic molecules takes place in the animal body in much the same way 
as the reaction pictured for the cleavage of the amino group in the 
a-amino acids resulting from protein hydrolysis. Abderhalden and 
Massini (2) have shown that p-aminotyrosine leads to an increase in 
the homogentisic acid excreted by alkaptonuric patients. This necessi- 
tates the hydrolysis of the amino group in the aromatic nucleus with 


the formation of a p-hydroxy-compound as well as a partial decomposi- 
tion of the chain. 


OH 
Homogentisic Acid. 
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4 HC C-CH,-COOH 
| | 
‘ HC CH 
q \cF 


FOREIGN ORGANIC COMPOUNDS IN THE BODY 253 


We saw previously that an amino group in the side chain may be 
removed by hydrolysis with or without subsequent reduction of the 
chain, for both phenylglyoxylic and phenylacetic acids were found in 
the urine after feeding phenylglycine (phenylaminoacetic acid). 


CHNH,-COOH CHOH-COOH 
C C C 
™ 
HC CH HC CH HC CH 
| || +HOH— | | | | 
HC CH HC CH HC CH 
Net \o/ 
| | | 
H H H 
Phenylglycine. Phenylglyoxylie Acid. Phenylacetic Acid. 


The hydrolysis of the amino group, however, is not confined to those © 
cases in which the amino group occupies the a-position, as is evidenced 
by the fact that a-8-diaminopropionic acid is converted into the cor- 
responding dihydroxy acid (68): 


CH,.NH,-CH-NH,-COOH + 2HOH — CH,OH-CHOH-COOH + 2NH; 
a-8-Diaminopropionie Acid a-8-Dihydroxypropionic Acid. 


After the action of putrefactive bacteria on proteins and protein de- 
composition products in the gastro-intestinal tract, the a-amino acids 
may be decarboxylated, i.e., attacked in such a way that they lose 


carbon dioxide from the carboxyl (-COOH) group, and thus be con- 
verted into the corresponding amine: 


CH:,NH;-COOH CH;NH; + CO, 
Glycocoll. Methylamine. 


Among these amines are substances which exert a decided effect upon 
blood pressure, such as histamine and tyramine, and are therefore con- 
sidered as very toxic substances. They may perhaps even be the cause 


of arterio-sclerosis and subsequently one of the prime factors in pro- 
ducing old age. 


N NH — NH + CO, 
\o/ \o/ 

| 


H H 
Histidine. Histamine. 
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CH,-CHNH,-COOH CH.,NH. 
C C 
HC CH HC CH 
| | | + CO: 
HC CH HC CH 
\cF \cF 
| | 
OH OH 
Tyrosine. Tyramine. 


The work of Guggenheim and Loeffler (36) has enlightened us somewhat 
on this point, demonstrating that these substances may be taken in 
relatively large doses, 0.25 gram or more, without decided physiological 
effects. The investigators were able to show at the same time that these 
. toxic amines are rapidly detoxicated in the animal body by a simple 
cleavage of the amino group, perhaps by hydrolysis, yielding the cor- 
responding alcohol, or by reduction yielding the hydrocarbon. 


R-CH;-CH,.NH,+ HOH R-CH,-CH.OH + NH; 


Substituted Amine. Substituted Alcohol. 
R-CH,-CH.NH.+ H. — R-CH,-CH; + NH; 
Substituted Amine. Hydrocarbon. 


In some cases alcohols were isolated after feeding the amines, showing 
the actual formation of the alcohols as intermediary products, but in 
most cases the oxidation proceeded further, yielding a corresponding 
acid. Thus phenylethylamine gives phenylacetic acid, probably 
passing through the intermediary metabolic forms of phenylethyl 
alcohol and phenylacetaldehyde, for both of these compounds yield 
phenylacetic acid when fed by themselves, although phenylethane, 
C.H;-CHe-CHs;, is oxidized to benzoic acid. 


CH;-CH:NH; CH;-CH,OH 
Sn 
HC CH HC CH HC CH 
|| | +HOH — || | +0— || | +0- 
HC CH HC CH HC CH 
\oF \oF \oF 
| | | 
H H H 


Phenylethyl-amine. Phenylethyl-alcohol. Phenylacetaldehyde. 
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form 
HC CH 


| | 
HC CH 


H 


Phenylacetic acid. 


Similarly it was found that isovaleric acid was formed from amylamine, 
p-hydroxyphenylacetic acid from p-hydroxyphenylethylamine (tyra- 
mine), and indolacetic acid from indolethylamine. Histamine very 
likely undergoes a like change but no 8-imidazoleacetic acid was identi- 
fied in the urine. 

SYNTHETIC REACTIONS. In a few cases foreign organic compounds 
enter the animal body and are rapidly excreted without undergoing 
chemical change. These cases, however, are relatively few and it will 
be found invariably that the substance is non-toxic and quite soluble. 
If the foreign molecule cannot be destroyed entirely or even partially 
and still retains after partial demolition some of its toxic properties, 
the only recourse left to the body is a synthetic type of reaction. This 
it accomplishes by attaching to the foreign substance an amino or 
methyl group or by conjugating it with a second molecule such as 
glycocoll, glutamine or ornithin. In this way not only is toxicity re- 
duced or destroyed, but solubility is simultaneously increased, enabling 
the body to excrete the product with ease and rapidity. There are 
cases, too, where a given substance is conjugated partly with one com- 
pound and partly with another. This is true, for example, of phenol 
which, after ingestion, is excreted not only as a sulphuric acid conjugate 
but also as a glycuronate and even to some extent in the free state. 
This is perhaps the foundation of the erroneous opinion often expressed 
in textbooks that conjugation is effected with one of these detoxicat- 
ing agents, such as glycocoll, for the purpose of protecting the foreign 
substance against further oxidation, for’ otherwise the intruder might 
be excreted uncombined. Upon examining a case of this kind one 
finds, for example, that after a certain compound is ingested 65 to 75 
per cent of it has been excreted in combination, let us say, with glycur- 
onic acid, while the remainder has apparently disappeared. Thereupon 
the inference is drawn that the 25 to 35 per cent of the substance 
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unaccounted for has been oxidized in the organism and that only by con- 
jugation has the other part been saved from this fate. The truth of the 
matter is, however, that the body has conjugated this foreign molecule 
with glycuronic acid only after a futile attempt to oxidize it, and that 
the 25 to 35 per cent had escaped detection either because of some other 
channel of elimination or on account of a different form of conjugation. 
In fact, the recovery of 65 to 75 per cent of many of these substances 
may be considered “almost quantitative.” 

Dakin (17) has shown experimentally that phenylpropionic acid, 
cinnamic acid, CsH;-CH-CH-COOH, and 
8-phenyl-8-hydroxypropioniec acid, which 
are more or less poisonous in themselves, are rendered non-toxic when 
combined with glycocoll. Phenylpropionic acid when administered 
to cats in doses so small as 0.8 gram per kilo of body weight caused 
death in 40 to 60 hours, while phenylpropionylglycocoll in doses as 
large as 1.5 grams per kilo body weight proved entirely non-toxic. 

Berczeller (10) has recently suggested an explanation for certain 
conjugation products from a physico-chemical point of view. He 
believes that the compounds which are susceptible of conjugation in this 
way are those which increase the surface tension of the liquid in which 
they are dissolved, while the conjugation product has less if any effect 
of this kind. Benzoic acid lowered the surface tension of the solution 
very decidedly, while hippuric acid produced no such effect. Menthol 
likewise caused a marked depression of the surface tension. Its de- 
toxication product, menthol-glycuronic acid, however, had much less 
effect, and the salt of the glycuronic acid compound still less. Phenol 
exerted the same influence as menthol, while phenol-sulphuric acid and 
the two oxidation products of phenol, namely, pyrocatechol and hydro- 
quinone, acted like menthol-glycuronic acid and the salt of the latter, 
respectively. It is interesting to note that glycocoll itself was found to 
be inactive in this regard. The observations of Berczeller are in- 
structive and no doubt valuable, but serious complications arise when 
we reflect that a given compound fed to half a dozen different animals 
is detoxicated in as many different ways. 

In general it would seem that a compound incapable of complete 
oxidation is usually converted into an alcohol or an acid. In the for- 
mer case there are two main possibilities of detoxication, namely, in 
the formation of, an ethereal sulphate or of a glycuronate. In the 
case of the acid, conjugation is usually effected wtih one of the amino- 
acids, such as glycocoll, glutamine or ornithin. Reduction is generally 
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met with in connection with nitro compounds which are thus converted 
into amines and subsequently often acetylated. As it is impossible 
to consider the behavior of the individual toxic substances it would 
seem most logical to take up a short discussion of the several detoxi- 
cating agents furnished by the body. 

GiycocoLL. We have previously seen that aromatic derivatives of 
the fatty acids containing an odd number of carbon atoms in the 
side chain are oxidized to benzoic acid while those with an even number 
of carbons are converted into phenylacetic acid. Benzoic acid is 
paired with glycocoll by the human being, by the horse, cow, dog, cat, 
and in fact by every vertebrate thus far used for experimentation 
with the exception of the fowl (61), (106). 


H 
JN SN 
HC CH HC CH 
| | + | | + HOH 
HC CH HC CH 
\cF 
| | 
H H 
Benzoic acid. Glycocoll. Hippuric acid. 


Not only is benzoic acid itself combined in this way with glycocoll 
but most of the derivates of benzoic acid such as the o- and m-chlor, 
the m-brom, the o-, m- and p-flour, and the m- and p-nitro compounds 
as well as the three hydroxy benzoic acids are subjected to a similar 
fate. Phenylacetic acid is treated in a like manner in the organisms of 
the dog (87), (88) and cat (89) but not so in that of man or fowl. The 
same holds for certain derivatives of phenylacetic acid, namely for 
those compounds resulting from substitutions in the nucleus (30) 
such as the p-chlor, p-brom and p-iodo compounds. When the sub- 
stitutions are made in the side chain, however, as in the case of phenyl- 
aminoacetic acid, mandelic acid or phenylglycollic acid no conjuga- 
tion takes place. $-Naphthoic acid, a double ring structure, also 
combines with glycocoll to some extent (15). A great variety of acids 
combine in this way with aminoacetic acid. Two rather unusual 
examples are those of furfural and thiophenealdehyde. As will be 
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seen below, furfural (furfuraldehyde) (49) is first oxidized to pyromucie 
acid and this in turn combined with glycocoll. A similar reaction is 
undergone by thiophenealdehyde (14). 


H 


| | | 
HC C-CHO+0 HC C-COOH+H-N-CH,-COOH > 


Furfuraldehyde. Pyromucic acid. 
CHO H 


| 
HC  C—C-N-CH,-COOH 


\o% 


Pyromucyl]glycocoll. 


The discovery of this means of detoxication about 1825 attributed to 
Wohler and noted first in the case of benzoic acid was probably the 
earliest proof that syntheses of this type could take place in the animal 
body. For many years thereafter it was thought that the organism 
merely made use of supplies of glycocoll which it was holding, as it were, 
in reserve, and that this ready material was simply joined on to benzoic 
acid by a “‘dehydration reaction.”” When it was found, however, that 
glycocoll could not be stored in the body and that the organism could 
still provide it, and this in relatively large amounts, even when the 
glycocoll intake was cut off as in the case of an animal a non-protein 
diet or during a fast, it then became evident that the body must pre- 
pare this compound when required for detoxication purposes. Ringer 
found that a goat might take 25 grams of benzoic acid per day and ex- 
crete it as hippuric acid (83). Magnus-Levy (64) noted that 27.8 per 
cent of the urinary nitrogen excreted by sheep and rabbits after in- 
gesting benzoic acid might appear in the form of hippuric acid nitrogen; 
Wiechowski (105) observed that this might run as high as 50 per cent. 
Ringer expressed the belief that under conditions of benzoic acid feed- 
ing the glycocoll is formed from “extra destroyed protein.” He is 
inclined to think, however, that it arises by a specific and peculiar cata- 
bolic process rather than from a product of normal intermediary 
metabolism. Epstein and Bookman (26) conclude from their work 
on rabbits that benzoic acid exerts a truly toxic effect upon the organism 
but acting in a certain selective way causes the elimination of much 
larger amounts of nitrogen than are ordinarily excreted, which nitro- 
gen can be almost entirely accounted for as hippuric acid nitrogen. 
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It has been suggested by many writers that hippuric acid might 
arise from a secondary reaction following the primary combination of 
benzoic acid with one of the long chain amino acids such as leucine, 
and that this benzoylleucine might then undergo a cleavage resulting 
in the formation of a glycine rest attached to the benzoyl radical: 


H H 


| 
CH;—(CH,); N—OC-C,H; — C,H,CO-NHCH,-COOH 


COOH 
Benzoylleucine. Benzoylglycine. 


In order to test this hypothesis, Magnus-Levy (65) benzoylated ten 
of the amino acids, namely, alanine, serine, valine, leucine, phenylala- 
nine, aspartic acid, glutamic acid and ornithin. He then injected them 
subcutaneously using a dog as the experimental animal. In each case 
he recovered the original substance from the urine and this in such 
large amounts that there was no ground to believe that even a fraction 
of any of the compounds had been split in the animal organism. The 
work was to some extent repeated by Shiple and Sherwin (96) who 
prepared phenylacetyl compounds of alanine, leucine, glutamine, as- 
paragine, glutamic acid, aspartic acid and ornithin and fed them to 
both men and animals. The results, however, were much the same as 
those of the former investigator. 

Knoop (54) suggests the possible formation of glycocoll from the 
oxidation of a-amino-8-hydroxy acids, R-CHOH-CHNH,-COOH, in- 
asmuch as phenylserine, CsH;-CHOH-CHNH,-COOH, is incompletely 
oxidized in the organism and yields hippuric acid. Other experi- 
mental evidence, however, is lacking. We must agree, therefore, with 
Lusk (62) that “these experiments are a further demonstration that in 
the breaking down of amino acids deamination is the first step, and they 
leave no conclusion open other than that glycocoll arises by a synthetic 
process.” 

McCollum and Hoagland (69) have shown by a series of remarkable 
experiments that when a pig was reduced to a condition of minimal 
nitrogen metabolism by a carbohydrate diet (75 cal. per kilo) and at 
the same time was fed increasingly large doses of benzoic acid, as long 
as the dose did not exceed 0.2 gram per kilo there was no increase in 
protein catabolism as evidenced by the constancy in the daily total 


nitrogen output. Furthermore, there was but little alteration in the 
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various nitrogenous constitutents of the urine with the exception of 
urea which, very interesting to note, could be reduced from 56 per 
cent of the total nitrogen to 19 per cent. When amounts of benzoic 
acid larger than 0.2 gram per kilo were fed there was a decided increase 
in the output of total nitrogen, much in excess of the amount required 
for hippuric acid. This shows no more tlian that 37 per cent of the 
total nitrogen which ordinarily goes to form urea may under these 
conditions be side-tracked to form glycocoll. It tells us nothing, 
however, concerning the mechanism of the reaction. The work has 
been corroborated by Lewis (60) who fed benzoic acid to human beings 
maintained on a low protein diet, and by Shiple and Sherwin (98) 
who reduced a human being to a level of endogenous protein metabolism 
and were able to show that glycocoll could be formed at the expense of 
the urea nitrogen without increasing the amount of total nitrogen 
excreted. 

Various attempts have been made to explain the formation of glycocoll 
by the interaction of ammonia with acetaldehyde, CH;-CHO, glyoxal, 
CHO-CHO, or glycolaldehyde, CH.OH-CHO, all of which may be 
considered as decomposition products of carbohydrates. So far, how- 
ever, the results have been unsatisfactory. Delprat and Whipple in a 
very recent contribution (22) showed that after injecting benzoic acid into 
the circulation of fasting dogs there was a definite rise in urea, ammonia, 
and total nitrogen, provided a certain dosage had not been exceeded. 
This was certainly to be expected since the demand for glycocoll was 
extremely acute and the toxicity of the benzoic acid, therefore, in- 
creased many times. Moreover, it is impossible to compare the re- 
sults on fasting animals with those obtained when the animals have 
been supplied with sufficient food calories in the form of carbohydrates. 

From this one hundred years of experimental work we have learned 
that glycocoll can be built in relatively large amounts by the body even 
under practically any pathological condition. Moreover, the synthesis 
proceeds as well during a fast or under abnormal diet as when the ordi- 
nary food has been ingested. These results may be far reaching and im- 
portant since several proteins and particularly the proteins of milk 
are entirely lacking in this amino acid. 

ORNITHIN. Previous work has shown that most of the animals com- 
monly used in experiments supply glycocoll for the detoxication 
of many of the aromatic acids such as benzoic and phenylacetic acids 
as well as various of their derivatives. Jaffé (44) however, after feed- 
ing benzoic acid to hens was unable to isolate hippuric acid from the 
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excreta, but obtained instead a rather unstable compound which he 
called ornithuric acid. This substance, later found to consist of orni- 
thin, CH.NH»2-CHs-CH2.-CHNH:2-COOH, combined with two mole- 
cules of benzoic acid has the following structure: 


HO 
| 


HO—C:0 


It has since been found that phenylacetic acid (103), as well as p-nitro- 
phenylacetic acid and pyromucic acid (94), (50),combine with ornithin 
to form compounds analogous to ornithuric acid. In fact no case has 
yet been observed in which glycocoll is employed in the organism of the 
bird for conjugation purposes. It is quite reasonable to conclude, 
therefore, either that birds have no glycocoll at their disposal or, if 
they have, that they are not able to conjugate it with the various 
compounds that have been fed. To test this assumption Yoshikawa 
(107) fed benzoic acid to hens and at the same time added glycocoll to 
the diet in more than sufficient amounts for combination. No glycocoll 
compound, however, was found in the excreta. Only the ornithin 
conjugate appeared, the glycocoll apparently having been burned in 
the organism. Furthermore, present evidence is lacking both of the 
formation of glycuronates and sulphates as well as of acetylation. 
The only synthetic process open to the fowl, therefore, for detoxication 
of foreign organic compounds, be they acids or alcohols, is so far as we 
know that accomplished by means of ornithin. 

Ornithin is one of the components of the a-amino acid arginine, 
H.N It seems very prob- 
able, therefore, that it is formed from arginine when for example birds 
are fed benzoic acid. Under normal conditions, however, the arginine 
and consequently the ornithin would be completely destroyed during 
the processes of metabolism. If this be true, it gives us an important 
bit of information regarding the intermediary metabolism of arginine, 
though it also confronts us with a very important question as to the 
possibilities of the synthesis of this amino acid in the body of the fowl. 
The only evidence we have on this latter point is that furnished by 
Thomas (102) who administered benzoic acid to birds maintained on a 
non-protein diet but was unable to find ornithuric acid in the urine. He 
found small amounts after adding to the diet edestin which contains 
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large amounts of arginine. It would seem therefore, that arginine and 
consequently ornithin is not synthesized in the organism of the fowl at 
the expense of any of the nitrogenous urinary constituents. Since 
uric acid is the only substance that is present in sufficient amount to 
furnish the necessary nitrogen, it would be interesting to determine 
whether under well controlled conditions of experimentation such a 
transformation is possible. Separation of the urine and feces, however, 
and the quantitative determination of the urinary constituents and other 
untold hardships connected with this probiem makes such an investiga- 
tion well-nigh impossible. 

GLUTAMINE. Benzoic acid in the organism of various experimental 
animals as well as that of man is conjugated with glycocoll. It is 
rather extraordinary, therefore, to say the least, that phenylacetic acid, 
the homologue of benzoic, should combine in the animal body with 
glycocoll to form phenaceturic acid, but in the case of the human being 
with glutamine, COOH-CHNHs2:(CHe)2-CONHe, to form phenylace- 
tylglutamine, together with some phenylacetylglutamine urea, the latter 
apparently a simple addition product with urea (101). Still more 
remarkable, however, is the fact that o-nitrophenylacetic, o-amino- 
phenylacetic, p-nitrophenylacetic, p-aminophenylacetic and p-hydroxy- 
phenylacetic acids pass through the human body absolutely unconju- 
gated. The p-chlor compound is the only one of these derivatives so 
far examined that probably combines with glutamine. None of these 
substances combine with glycocoll in the human body, while only the 
p-chlor (42), p-hydroxy and p-nitro phenylacetic acids have thus far been 
found to combine with that substance in the organism of any of the 
lower animals. All the others so far examined pass through uncom- 
bined except o-aminophenylacetic acid which is acetylated by the rabbit. 

It was at first thought that the phenylacetic molecule was first 
combined with glutamic acid which product was secondarily changed 
into glutamine by the addition of the amide group. The feeding of 
phenylacetylglutamic acid, however, resulted in its excretion without 
the formation of phenylacetylglutamine. We have here another case of 
an amino acid, glutamine, which it is possible to withdraw intact from 
the protoplasm of the living cell without its conversion into a secondary 
or derived product. This furnishes the proof which for a long time was 
wanting that glutamine rather than glutamic acid must be considered 
the true form of this -amino acid. Moreover, it explains the genesis 
of most of the ammonia which always appears when proteins are hydro- 
lyzed in acid media. 


4 
q 
q 


FOREIGN ORGANIC COMPOUNDS IN THE BODY 263 


Glutamine like glycocoll can be furnished in fairly large amounts for 


the detoxication of phenylacetic acid (97), and like glycocoll it may be 
synthesized at the expense of the urea nitrogen (98). A man was placed 
on a suitable strictly carbohydrate diet and thus reduced to a condition 
of endogenous protein metabolism. He then ingested on alternate 
days benzoic and phenylacetic acids. The synthesis of glycocoll and 
glutamine was accomplished at the expense of the urea nitrogen ap- 
parently with great ease in each case. When benzoic and phenylacetic 
acids were fed together, necessitating, therefore, the simultaneous 
preparation of glycocoll and glutamine, each aromatic acid was detoxi- 
cated and excreted at much the same rate as if it alone had been ingested. 
It was possible to lower the urea nitrogen from about 60 per cent of the 
total 24-hour output of nitrogen to about 18 to 20 per cent of the total. 
During a fraction of a day, however, after 10 grams of phenylacetic acid 
had been taken, this urea nitrogen was reduced to 12 per cent of the 


total nitrogen for that period. It was hoped for a time that a solution 


might be found in these results as to the source of glycocoll in the 
animal body. For it was just possible that glutamine which is joined 
with phenylacetic acid and excreted as phenylacetylglutamine by 
human beings, might in the organisms of the lower animals be an in- 
termediary product which would be subject to further oxidation and 
appear, for example, as phenylacetylglycocoll. Accordingly phenyl- 
acetylglutamine was prepared and fed to dogs, cats and rabbits, but 
in each case it was excreted without undergoing any transformation into 
phenaceturic acid. It was also fed to chickens to see what influence 
it might have on ornithine formation, but again it was excreted without 
alteration of any kind. 


C.H;-CH,-CO — 
| : 
H—N N—H 
| 
HOOC-CH; 
| 
H 
Phenylacetylglutamine. Phenaceturic acid. 
C.H;-CH,-CO OC-CH::-C,H; 
NH NH 


HOOC-C-CH,-CH;-CH 


H H 
Ornithuric acid. 
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Similarly phenaceturic acid when fed to human beings failed to undergo 
synthesis into phenylacetylglutamine. Nor was it altered when fed 
to chickens, but was simply excreted in each case as the sodium salt 
of the acid. Likewise ornithuric acid when fed to men and dogs failed 
to form the phenylacetic acid detoxication products common to these 
subjects. The results of work with other phenylacetylated amino 
acids, namely, alanine, leucine, asparagine, aspartic acid and glutamic 
acid were all negative, for when these compounds were fed to various 
animals they were always recovered from the urine unchanged. It 
seems most probable, therefore, that neither benzoylated nor phenyl- 
acetylated amino acids are open to alteration of any kind in the animal 
body. 

CysTEINE. The fourth amino acid to be used by the body for de- 
toxication work is cysteine, CHASH-CHNH»2-COOH. It was found 
both by Jaffé (45) and by Baumann and Preusse (9) that brombenzol, 
chlorbenzol and iodobenzol, when fed to dogs, is excreted in the urine 
as a sulphur-containing compound known as a mercapturic acid. 
Analysis of the substance showed it to be a combination of the benzol 
halide with an acetylated cysteine molecule. This whole compound, 
then, more than likely, conjugates with glycuronic acid. The reaction 
which takes place is probably the following: 


H 
H OH | H 
| | H—S—C—H | 
C C C S—CH 
|| 
CH HC CH n—cH — HC CH H | 
HC CH HC CH COOH HC CH H | 
COOH 
| | | 
Br Br Br 
Brombenzol. p-bromphenol. Cysteine. p-bromphenylcysteine. 
H 


HC CH | 
CH;COOH — | | H N—C—CH; 
HC CH 
C=0 
\o/ 
| OH 
Br 


Acetic acid. p-bromphenyl mercapturic acid. 
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The first step in the reaction is the oxidation of brombenzol in the 
para position to p-bromphenol, which then combines through its -OH 
group with the -SH of cysteine to form p-bromphenyl cysteine. This 
compound is then joined through its amino group with a molecule of 
acetic acid, resulting in the synthesis of a-aminoacetyl 8-thio p-brom- 
phenyl propionic acid, i.e., p-bromphenyl mercapturic acid. Only in 
the case of dogs has the formation of this compound been established. 
The partition of sulphur in the urine of human beings and rabbits, 
however, after feeding the mono-halogen benzol derivatives, seems to 
indicate the presence of the mercapturic acid, though none has so far 
been isolated. The chlor- and brom-naphthalenes form a corresponding 
mercapturic acid to some extent. The p-brom- and p-chlor- phenols, 
however, strange to say, are excreted in combination with sulphuric 
acid (58). As cysteine is quite easily oxidized to cystine it is still 
questionable whether cystin or cysteine is the form in which this 
sulphur containing amino acid exists in the protein molecule. It is 
not at all improbable that both forms exist there. If cystine be the 
primary form, as is generally accepted, then we have the proof in the 
above mentioned results that cysteine is at any rate a very active 
intermediary product in body metabolism. 

Upon a second consideration of the equations represented above 
several very interesting questions arise. 

1. Is it possible for cysteine to be joined in the original protein mole- 
cule through groups other than a similar -SH radical? 

2. Is it only in the case of the dog that the mercapturic acid is thus 
protected against the oxidation of its sulphur, or may this compound 
be a common intermediary product of metabolism which in other 
animals is further oxidized and excreted as p-brom-phenol-sulphuric 
acid? 

3. What is the significance of the acetyl radical here? Does it 
hinder or help further oxidation of the cysteine, or is its sole purpose to 
increase solubility and decrease the toxicity of the compound? 

4. Is it possible for the animal body actually to synthesize cysteine 
for this purpose, or is the organism limited to that which it derives from 
the food and from decomposition of body tissue? 

At the present time there is insufficient experimental evidence to 
answer any of these questions except the last. Kopfhammer (57) 
in studying this problem fed dogs with brombenzol after the animals 
had been reduced to a condition of minimal nitrogen metabolism. He 
found under these conditions that the dogs excreted no p-bromphenyl- 
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mercapturic acid. Apparently, therefore, they were unable to form it 
on a non-protein diet. He again fed brombenzol and injected the 
dogs subcutaneously with a solution of the sodium salt of cystine at the 
ratio of 4 grams cystine for each gram of brombenzol fed. Thereupon 
the animals were able to synthesize bromphenylmercapturic acid in 
quantities equal to the amount obtained after a heavy protein diet 
containing much cystine. There is no doubt, therefore, that it is an 
impossibility for the animal body to build cysteine and subsequently 
cystine when both sulphur and nitrogen are lacking. It would still 
be interesting to ascertain whether these amino acids could be built 
at the expense of the urea nitrogen when sulphur in suitable form is 
supplied. 

ETHEREAL SULPHATES. It was previously stated that when a foreign 
organic body cannot be destroyed through complete oxidation there is 
still a tendency to oxidize it as far as possible and either to convert it 
into an acid that it might be combined with one of the amino acids, 
or to reduce or oxidize it, as the case may be, into a hydroxy compound 
or alcohol. In this latter condition, the substance is open to combina- 
tion with either sulphuric or glycuronic acid. Though there are certain 
compounds which combine only with sulphuric acid or only with gly- 
curonic acid, still, in general, the substance seems able to combine with 
either. Apparently the first tendency is to conjugate with the available 
sulphuric acid. Since this supply, however, is rather limited, combina- 
tion is next effected with glycuronic acid. 

According to our present limited knowledge of the physiological 
chemistry of sulphur, this element may occur in the urine in three 
different forms, namely, neutral or reduced sulphur and the two kinds 
of oxidized sulphur, i.e., inorganic sulphates and ethereal sulphates. 
Folin (29) has pointed out that the amount of inorganic sulphates in 
the urine usually runs parallel with the urea output and may therefore, 
well be considered as resulting from exogenous metabolism, i.e., from 
the oxidation of the cystine in the food. The excretion of neutral 
sulphur, however, is much less affected by the amount of protein in- 
gested and therefore, very probably is derived from endogenous metab- 
olism or from the break-down of body tissue, as also from sulphur 
existing in the bile. This theory is supported by the fact that when 
cystine is fed it is chiefly excreted as inorganic sulphates while ingested 
taurine appears mostly as neutral sulphur. The inorganic sulphates, 
consisting of sodium, ammonium and potassium sulphates, are merely 
the neutralization products of the sulphuric acid formed by complete 
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oxidation of the cystine or cysteine present in food. The ethereal 
or conjugated sulphates, finally, are organic sulphates of the nature 
of an ester, resulting from the union of an alcohol with sulphuric acid. 


As an example, we have from the work of Baumann and Herter (8) - 


phenol-potassium-sulphate : 


O—S—O—K 
| || 
C 
yn 
HC CH H.- O HC CH 
HC CH K: O HC CH 
\o/ 
| | 
H H 
Phenol. Potassium Phenol-potassium- 
bisulphate. sulphate. 


This was the first member of this class of substances to be studied, 
but since that time more than 200 such compounds have been found. 
The best known of them are indican (indoxy]l-potassium-sulphate), 
cresol-potassium-sulphate and skatol (skatoxyl-potassium-sulphate), 
which are the detoxication products of compounds resulting from in- 
testinal putrefaction. The ethereal sulphates in the urine amounting 
to 0.1 to 0.3 gram per day form roughly 10 per cent of the total sulphate 
output. 

The simplest explanation of the formation of ethereal sulphates is no 
doubt this, that they arise by a direct combination of the organic base 
with the inorganic acid salt. Thus when phenol is fed in small quantities 
it merely joins on to potassium hydrogen sulphate before the second 
atom of potassium combines with the acid salt to form normal potassium 
sulphate. That ethereal sulphates are actually formed at the expense 
of the inorganic sulphates is evidenced by the fact that in cases of phenol 
and cresol poisoning, where the available supply of sulphuric acid is 
insufficient for the large amount of poison ingested, the entire output 
of oxidized sulphur appears in the form of ethereal sulphates to the total 
exclusion of the inorganic portion. Still, that is not the only explana- 
tion of their origin, as can be seen from the following facts. When 
brombenzol is fed much of it is eliminated in the urine in combination 
with an acetylated cysteine molecule. The brombenzol, it is believed, 
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is first oxidized to p-bromphenol, which, being an alcohol should combine 
with sulphuric acid and add to the amount of ethereal sulphates ex- 
creted. As a matter of fact, however, combination is effected in this 
instance through the reduced sulphur group of cysteine. Very probably, 
therefore, the synthesis of bromphenylmercapturic acid represents a 
step in the intermediary metabolism of cysteine. Furthermore, it is 
very likely a type for many similar cases, with this one difference, that 
in the other instances the resulting compounds appear later on as 
ethereal sulphates, whereas in the case of p-brom-phenyl-cysteine, for 
some reason or other, oxidation to a sulphate is, at most, only partial. 
As a matter of fact, it has been found that after feeding brombenzol 
there is always an increase of 600 to 1000 per cent in the output of 
ethereal sulphates and a decided decrease in the amount of inorganic 
sulphates excreted. This would seem to indicate, therefore, that pos- 
sibly some of the bromphenylmercapturic acid had been oxidized to 
p-bromphenylsulphurie acid. There is also an increase in neutral 
sulphur after feeding brombenzol, but on careful perusal of the data 
(35), (67), it is easily seen that this is due to the addition of the mer- 
capturic acid sulphur to the normal quota of reduced sulphur and that 
the latter is not really affected at all. 

One would conclude from these experiments either that the ethereal 
sulphates are directly produced at the expense of the inorganic sulphates 
by forming esters with sulphuric acid or acid sulphates already at hand, 
or that they arise from a cysteine conjugate. In the latter case the 
resulting compound, the analogue of bromphenylmercapturic acid, 
would undergo oxidation to form the sulphates. The cysteine for this 
purpose is no doubt mostly of exogenous origin, for mercapturic acid 
can not be synthesized on a non-protein diet. One might be led to 
think that ethereal sulphates are also dependent on exogenous cysteine 
for their formation. Folin, however, has shown that this is by no 
means the case for he found that the decrease in the ethereal sulphate 
output on a low protein diet was only relative. The question cannot 
be fully answered, however, without taking into consideration the 
sulphur metabolism of the bacteria residing in the intestinal tract. 

GLYCURONIC ACID. This substance is found in combination with an 
almost unlimited number of compounds, but when the matter is con- 
sidered as a whole, it is seen that most of these substances contain a 
hydroxyl group and may be classed, therefore, as aliphatic or aromatic 
alcohols. Primary and secondary alcohols are quite easily conjugated 
with glycuronic acid, for which reason many aldehydes or ketones when 
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fed are excreted in this form of combination after undergoing a re- 
duction to their corresponding alcohols. Although some of the primary 
and secondary alcohols do not combine with glycuronic acid, practically 
all the tertiary alcohols appear to do so in the organism of the rabbit. 
There are at least two different forms of glycuronic acid combina- 
tions and present indications point to a probable third. The first is a 


glucoside type of binding, which often appears as pictured below in cases 
of phenol poisoning (79) (86). 


O C 
| O+ | T | O HC CH 
H-C H-C | 
| | H 
H-C-0-H H H-C-0-H 
| . 
0:C-0-H 0:C-0-H 
Glycuronic acid. Phenol. 


Phenolglycuronic acid 
(B-Glucoside type.) 


The second or ester type of union is found in such combinations as that 
formed between benzoic and glycuronic acids (47) (64). 


H-C.0-H HO-C H-C O—C 
HC CH 
H-C-0O-H | . H-C-O-H | | 
| O HC CH | O HC CH 
H-0-C-H + | || —+H-0-C-H 
| HC CH | | 
H-C-0O-H H-C-0O-H 
| 
0:C-0-H 0:C-0-H 
Glycuronic acid. Benzoie acid. Benzoylglycuronate. 


To the glucoside type belong the compounds of glycuronic acid with the 
alcohols and phenols, while the second type is employed in the case 
of certain toxic organic acids, notably benzoic acid, dimethylamino- 
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benzoic acid, salicylic acid and very likely the halogen phenylmercap- 
turic acids. The ester type of glycuronates reduces Fehling’s solution, 
but the glucoside type will effect no reduction until the compound has 
been hydrolyzed. The glycuronic acid, which is in itself a strong re- 
ducing agent by virtue of its aldehyde group, is thus set free. 

There is still much difference of opinion regarding the source of 
glycuronic acid, as to whether it is formed from glucose and if so whether 
it is a normal decomposition product of that substance, or whether it 
originates entirely independently of glucose metabolism. It is rather 
unreasonable to suppose that this carbohydrate-like compound should 
be directly synthesized by the body when it could be obtained so simply 
from glucose. On the other hand, it seems highly improbable that it 
is a normal catabolic product of glucose since the aldehyde group, which 
would certainly be the first point of attack when the glucose molecule 
is subjected to oxidation, is still present in glycuronic acid. Further- 
more, the fact that after ingestion of large amounts of glycuronic acid 
we find gluconic acid, saccharic acid and much oxalic acid in the urine 
means simply this, that glycuronic acid is oxidized with difficulty, but 
does not indicate that it is a normal intermediary product of glucose 
catabolism. Perhaps the most plausible explanation of the origin of 
glycuronic acid is this, that a union is effected between the aldehyde 
group of glucose and the foreign molecule, by which the former is 
protected against further oxidation. The next point of attack then is 
the primary alcohol group which is converted accordingly into a 
carboxyl. 

A mass relationship always exists between sulphuric acid and glycu- 
ronic acid when there is question of effecting combination with the aro- 
matic substances which are formed in intestinal putrefaction. If the 
concentration of either of these acids is increased the amount of con- 
jugation with the aromatic poisons will be varied in the direction of the 
higher concentration. 

ACETYLATION. Acetic acid not infrequently, plays an interesting 
and perhaps important réle in intermediary metabolism. The usual 
type of reaction into which it enters is the formation of an acetylamino 
compound. 


H 
RNC +HOOC-CH; — R-NH-OC-CH; + HOH 
H 


Under the treatment of reduction, a case of acetylation has been men- 
tioned in which acetylaminobenzoic acid was formed. Still another 
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case was that of the formation of p-bromphenylmercapturic acid. 
Knoop and Kertess (55) have demonstrated the possibility of acetyla- 
tion of an y-amino acid when they recovered y-phenyl-a-acetylamino- 
butyric acid after feeding dl-y-phenyl-a-amino-butyric acid. Likewise 
dl-phenylaminoacetic acid is excreted to some extent as d-phenyl- 
acetylaminoacetic acid (78). Perhaps the most striking case of the 
entrance of acetic acid into one of these reactions was that reported by 
Jaffé and Cohn (49). After feeding furfural to dogs and rabbits, they 
found that the methyl group of acetic acid had condensed with the 


aldehyde group of furfural resulting in the formation of furfuracrylic 
acid. 


HC———- CH H 
| | 
HC C-CHO +HC-COOH — HC - C-CH:CH-COOH + HOH 
\o% 
H 
Furfural . Acetic acid. Furfuracrylic acid. 


This is exactly analogous to the formation of cinnamic acid by the 
Perkins reaction from benzaldehyde, acetic anhydride and sodium 
acetate: 


C.H,-CHO + CH;-COOH C,H;-CH:CH-COOH 


It was formerly believed that acetylation was extremely complicated 
and was brought about only in connection with certain simultaneous 
processes of oxidation. This view, however, has since been disproved 
by Ellinger and Hensel (23) who showed that both p-aminobenzaldehyde 
and p-aminobenzoic acid were acetylated in the organism of the rabbit 
as completely as p-nitrobenzaldehyde. The reaction occurred, therefore, 
independently of either oxidation or reduction in the molecule. The 
more recent work of Miss Hensel (38) on the quantitative studies of 
acetylation in the animal body tends to confirm the earlier views of 
Knoop (53) (55) who believed that acetylation is probably produced 
from pyruvic acid and ammonia. If, for example, two molecules of 
pyruvic acid interact with one molecule of ammonium carbonate with 
the formation of carbon dioxide and water, we have formed acetyl- 
alanine: | 

CH;-CH-COOH 
CH;-CO-COOH + NH; + CH;-CO-COOH 
NH-CO-CH; 
Pyruvic acid, Pyruvic acid. Acetylalanine. 


272 CARL P. SHERWIN 


Miss Hensel found that salts of acetic acid actually increased the yield 
of an acetylated product. Pyruvic acid and aceto-acetic acid also 
promote the acetylation reaction, a fact which seems to indicate 
that these two compounds are finally split into acetic acid in normal 
catabolism. 

MetuyLaTION. This type of reaction, while perhaps very common in 
connection with the formation of such compounds as creatine and 
sarcosine, is rather rare as a detoxication process. One of the first 
cases of this reaction to be discovered was that observed by His (39), 
who fed pyridine to a dog and found in the urine a methyl-hydroxy- 
pyridine compound. 


H H 
HC CH HC CH 
| || 
HC CH HC CH 
Non 
Pyridine. Methyl-hydroxy-pyridine. 


It has since been shown that the same reaction is employed also by pigs 
(104), goats and chickens (41), though not by rabbits (1). A similar 
example has been reported by Ackermann (3) who found trigonellin 
in the urine of dogs after feeding nicotinic acid. Here too we have the 
addition of a methyl and a hydroxyl group to the nitrogen of the pyridin 
ring followed by a secondary inner anhydride formation by splitting 
out a molecule of water. 


H H H 
HC C-COOH HC C-COOH HC c——C 
| || || | + HOH 
HC CH HC CH HC CH 
\y/ 
Non H.C” 
Nicotinic acid. Trigonellin. 


Several other examples of methylation might be cited, but in most of the 
cases the resulting structure is either unknown or so complicated that 


q 
q 
a 
| 
q 
| 
' 
j 
| 


FOREIGN ORGANIC COMPOUNDS IN THE BODY 273 


little can be learned regarding the nature of the reaction. The formation 
of methylamino compounds in the plant world is very common, but the 
manner in which they are produced is still a mystery. It has been sug- 
gested that the plant accomplishes the reaction by means of formalde- 
hyde and amino groups, but as we have absolutely no proof of the pres- 
ence of formaldehyde in animal tissues, this explanation is hardly tenable 
in the case of animal methylation. — 

URAMINO AcIDsS. Amino compounds have been isolated in which the 
amino group either in the aromatic nucleus or on the side chain has 
formed an additive compound with a -CONHz, rest. This may be 
considered as the reaction product of the amino group with carbamic 
acid, NH2.-COOH, or with urea, NH2-CO-NHsz, forming respectively 
water and ammonia as by-products. 


R-NH, + HOOC-NH, — R-NH-CO-NH; + HOH 
Amine. Carbamic acid. Uramino compound. 


R-NH, + H.N-CO-NH, R-NH-CO-NH, NH; 
Amine. Urea. Uramino compound. 


In the laboratory this synthesis is effected by treating the amino acid 
with HCl and potassium isocyanate. Itis very probable, therefore, that 
most of the uramino compounds found in urine are not produced within 
the organism but are formed during the evaporation of the urine by 
the interaction of the amino compound with urea. Some of the best 
known examples of uramino acids are m-uraminobenzoic acid and 
taurocarbamiec acid. The latter, a union of -CONHe2 and the amino 
group of taurine, was thought at one time to be a compound of consider- 
able importance, until Schmidt and Allen (90) showed that taurine 
actually passes through the body unchanged but on evaporation of 
the urine combines with urea to form the uramino acid. From time to 
time uramino acids have been reported, particularly side chain com- 
pounds, which crystallized from the unevaporated urine on standing. 
These very probably were products of synthetic reactions which occurred 
within the body. In general, one may say that the uramino acids are 
very likely of much less importance than at first considered. 
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THE PHYSIOLOGICAL ACTION OF LIGHT 


JANET H. CLARK 


Department of Physiological Hygiene, School of Hygiene and Public Health, Johns 
Hopkins University 


The first systematic effort to study the biological effects of light, and 
its therapeutic uses, was made by Finsen (1) when he founded his Light 
Institute in Copenhagen in 1896. Much valuable work, both theoreti- 
cal and practical, has been done there since, with especial success on 
the therapeutic side, in the treatment of lupus, but the fundamental 
problem of the mode of action of light on the living cell remains unsolved. 
Recently, the rapidly accumulating clinical results of light treatment in 
tuberculosis, rickets, malaria, etc., closely related as they are to the 
results of x-ray and radium iacatznent, continually emphasize | the 
importance of this problem and increase its mystery. 

It is at first disappointing to find that there is, apparently, in the 
animal kingdom no effect analogous to the action of light on the chlo- 
rophyll system of the green plant, by means of which light energy isstored 
and oxygen restored to the atmosphere. Although there is a universal 
conviction that sunlight is healthy, it is certain that people and animals 
can live a long time in darkness without any noticeably bad results. 
Blessing (2), who acted as physician to Nansen during his expedition in 
the Fram, published a report showing that members of the party ex- 
hibited no evidence of anemia during the trip. More recently, Grober 
and Sempell (3) examined horses that had worked for years in coal 
mines and found no anemia in any case where a satisfactory nutritive 
condition existed. But, though the physiological effect of sunlight 
seems at first sight indefinite and of dubious importance, the action of 
far ultraviolet iight on normal tissue, and the action of near ultraviolet 
and visible light under certain pathological conditions, has been investi- 
gated enough to show that there are well-defined effects due to light, 
closely related to the physiological results of exposure to radium and 
x-rays. These results are gradually assuming considerable importance in 
clinical medicine and present theoretically an interesting but illusive 
problem in physiology. This review will give as briefly as possible the 
facts that have been experimentally proved so far with a discussion of the 
theoretical and practical considerations suggested by them. 


277 


~ : 
q 
‘ 


278 JANET H. CLARK 


Effect of light on microérganisms. The most definite result of the 
early work on the action of light on the living cell was the proof that 
ultraviolet light exerts a strong lethal action on bacteria. In 1877 
Downes and Blunt (4) showed, for the first time, that sunlight retards 
the growth of bacteria and proved that this was not due to heat since 
the same result was obtained’ with tubes cooled in ice. 

Marshall Ward (5) in 1893 exposed anthrax bacilli, in gelatine media, 
to sunlight and, by means of color filters, demonstrated that the effect 
was due to the violet end of the spectrum. With a solar spectrum pro- 
jected on the inoculated media the effect was found to begin in the 
greenish blue. 

In 1905 Hertel (6) did the first quantitative piece of work in this 
subject. He examined the physiological effect of rays of different 


TABLE 1 
Time for lethal action of light 


GALVANOMETER DEFLECTIONS 
WAVE LENGTHS 
HB 10 50 | 500 
232 10” 
280 40”’ 
334 60”’ >Bacteria 
383 
440 3hrs. | 
280 3’ 
334 14’ Paramoecia 
440 3 hrs. 


wavelengths and the same energy, the energy of the light being measured 
by means of a thermocouple and galvanometer. His results show con- 
clusively that the shorter the wavelength the greater the lethal effect 
on bacteria and paramoecia (table 1). 

As the spectrum of sunlight reaches only to 290uu in the ultraviolet, 
greater germicidal effects can be obtained by means of artificial sources, 
such as the quartz mercury are and bare metallic ares. In a recent 
paper by Browning and Russ (7) a tungsten are was the source of light 
used. This gives a rich line spectrum extending as far as 210yp. A 
gelatine plate was inoculated with microérganisms instead of being 
sensitized with a silver salt, exposed to the spectrum of the are through 
a quartz spectrograph, and incubated at 37°, with the result that bac- 
teria exposed to wavelengths of 296uu or less were killed. This paper 
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would seem to show that sunlight contains few rays short enough to 
affect bacteria. But wavelengths somewhat longer than 296up are 
lethal with longer exposure or with exposures at a higher temperature. 
Thiele and Wolf (8) found that wavelengths greater than 300upu were 
harmless to bacteria at a temperature of 14° to 20°C. and lethal at 30° to 
40°C. In Ward’s experiments the temperature was probably such that 
the lethal action began in the greenish blue (about 480uy). No exact 
experiments have been made as yet giving the upper wavelength limit 
of the effect at different temperatures. 

There is, however, in all the physiological actions of light, a very 
marked difference between the effect of light from 400 to 300uu (near 
ultraviolet) and light from 300 to 100yy (far ultraviolet). Light 
greater than 300uu, being our normal environment, it is obvious that 
any organism, ordinarily exposed to this light and easily injured by it, 
would have perished long since. Light less than 300uy is an unnatural 
environment and produces in all living cells strong and often very harm- 
ful reactions. Since the effect of light is probably due to the photo- 
chemical reactions produced when light energy is absorbed it is not 
surprising to find that the various constituents of protoplasm begin to 
absorb light strongly in the neighborhood of 300uz. Much careful and 
valuable work on the absorption of substances in the ultraviolet has 
been done by Henri (9). He finds that the abiotic power of light is 
almost exactly proportional to its extinction coefficient. When the 
organisms are small the entire protoplasm is affected and the action 
obeys the laws of simple photochemical reactions. If the organisms are 
large the effect is a surface one, owing to the small penetration of the 
ultraviolet light. In the latter case the protoplasm affected may, by 
a process of diffusion, affect the rest and the process is similar to a com- 
plex photochemical reaction taking place at a strongly absorbing 
surface. 

We do not know the exact nature of the photochemical reactions pro- 
duced in protoplasm by ultraviolet light, although various clues have 
been suggested. Bovie (10) finds that paramoecia exposed to a sub- 
lethal dose of ultraviolet light are so sensitized to heat that they can 
not stand, even for sixty seconds, a temperature which is an optimum 
for the controls. He concludes that death from ultraviolet is due to 
heat coagulation following sensitization by radiation. 

Schanz (11) has shown that the effect of ultraviolet light on protein 
solutions is to make them less soluble, as indicated by their easier pre- 
cipitation. Chalupecky (12) finds that exposure of egg and serum 


PHYSIOLOGICAL REVIEWS, VOL. II, NO. 2 


4 


280 JANET H. CLARK 


albumin to ultraviolet light results in an increase in the globulins at 
the expense of the albumins. Recent experiments in this laboratory 
show that a dilute solution of egg albumin may be changed so as to re- 
act like globulin towards ammonium sulphate after an hour’s exposure, 
in a quartz test tube, to the light of a quartz mercury arc at a distance 
of 5em. Through glass the light has no effect. 

There is also some evidence that lipoids are rendered more soluble on 
exposure to light, thereby possibly explaining the hemolytic action of 
ultraviolet light on a suspension of washed red corpuscles (13). 

Bovie (14) has also shown that a sublethal dose of ultraviolet light 
inhibits the cell division of paramoecia. He used a magnesium spark 
through quartz, which gives a strong line at 280uy and obtained the 
following interesting results. 1, There is inhibition of cell division with 
5 the exposure necessary for cytolysis. 2, The duration of the inhibi- 
tion increases with increasing exposure. 3, The inhibition is followed 
by an acceleration of cell division which may, for a short exposure, give 
an increase in the number of radiated individuals over the controls. 
Shorter wavelengths from a hydrogen tube, filtered through fluorite, 
gave a strong lethal action but no inhibition of cell division. The rea- 
son given for this is that these very short rays are absorbed in 3 to 4 
microns of protoplasm and do not reach the nucleus. 

Another result of sublethal exposures on microérganisms is reported 
by M. and Mme. Henri (15). They found it possible, by means of 
short exposures to ultraviolet light, to transmute anthrax bacilli to 
cocci, with various intermediate forms. The modified forms, unlike the 
original bacilli, can obtain their nitrogen from ammonium salts, or the 
amino acids, and develop best in media containing sugar. They con- 
clude from this that exposure to ultraviolet light destroys the power of 
the bacilli to secrete proteolytic enzymes while leaving uninjured the 
ability to form amylolytic enzymes. As, however, the modified form 
returns to normal on inoculation into animals, there has been no funda- 
mental change produced and the results are of dubious importance. It 
is, however, interesting to note that they are in direct contradiction to 
Burge’s work (16) in which he killed bacteria by exposure to ultraviolet 
light, ground them up to extract the enzymes and found the proteolytic 
enzymes unharmed. The question of the action of light on bacterial 
enzymes is evidently in need of further investigation. 

By means of its lethal action on bacteria, and also on protozoa (17), 
the sun is of undoubted hygienic value to mankind. But it is probably 
beneficial in a less indirect way as well, as there is growing evidence 
to show that light may have a direct action on higher animals. 
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Effect of light on the eye. Since the eye is the specialized organ of light 
response it is possible, as suggested by Browne (18), that there may be 
changes in metabolism due to a reflex stimulation through the eye. In 
support of this view he cites the chromatic adaptation of certain frogs and 
fishes through the eye. There is also some experimental evidence that 
rabbits give off more CO, (19) in the light than in the dark, and that 
when blinded the output of CO. is the same. However, this theory is 
unlikely since most striking physiological effects are produced in higher 
as well as in lower animals by far ultraviolet light from which the eye 
must be carefully shielded. The direct effect of light on the eye can be 
given briefly as follows. Light of wavelength 760-380uy (the lower 
limit being variable and depending to some extent on the age of the 
individual) penetrates to the retina and is perceived as visible light. 
Light from 380—295uy is absorbed by the lens and causes it to fluoresce. 
Light of wavelength shorter than 295uu is absorbed by the cornea and 
conjunctiva producing a severe ophthalmia. 

The absorption of the eye media for infrared light or heat radiation 
(40) is equivalent to the absorption of 2.28 em. of water. Although 
it is possible that heat may be a contributing cause in glass blower’s 
cataract, there is no evidence of injury to the eye by heat except in 
eclipse blindness, which is probably due to heat coagulation of the 
retina (21). Also, visible light probably produces no lasting ill effect on 
the retina, except in so far as it contributes to the heat effect in eclipse 
blindness. The discomfort and disturbance of vision caused by the 
glare of bright light sources is a most complex question which is not well 
understood at present. It is largely a question of the amount of con- 
trast in the field of view, for with properly diffused light the eye can func- 
tion comfortably in bright sunlight, which gives an illumination of 
several thousand foot candles. 

Light from 295-385yu. although absorbed by the lens, produces no ill 
effect as a rule. Most proteins are coagulated by the ultraviolet light 
which they absorb but the lens protein seems to be resistant in this 
respect, at any rate for the wavelengths 295-380yuu. The light absorbed 
by the lens causes a strong fluorescence in it and Burge (22) suggests 
that the fluorescence constitutes a protective reaction, but the nature 
of the protection is not clear. It may be mentioned, as a matter of 
interest, that in some nocturnal animals (rats, mice) the lens does not 
fluoresce to waves of this length. Burge (22) has shown by a series of 
ingenious experiments that, in the presence of certain salts, lens proteins 
coagulate with light longer than 300uu and he supposes that a combi- 
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nation of nutritive disturbances and strong light may account for the 
development of cataract. With this possible exception, however, 
the light absorbed by the lens is harmless. 

Far ultraviolet rays are all absorbed by the conjunctiva and cornea, 
Light of this wavelength (less than 295yy) results in a severe conjunc- 
tivitis and, with a long exposure, corneal ulcers are formed. Artificial 
lights, if glass covered, are therefore harmless and sunlight rarely con- 
tains enough far ultraviolet to produce injury. However the ultra- 
violet reflected from large areas of water and from snowfields may result 
in the temporary injury known as snowblindness. Artificial illumi- 
nants, which emit a large amount of radiation of wavelength less than 


TABLE 2 
Transmission of light by the skin 


WAVE LENGTH (up) 


436 | 405 | 366 | 354 | 313 | 302 | 297 | 289 
Per cent transmitted by skin 
59 | 55| 49| 42); 30) 8 2 | 0.01 
Per cent transmitted by skin 
0.5 | 0.3 | 0.08) 0.02 
TABLE 3 


Thickness of protoplasm absorbing 90 per cent of light 


Thickness of proteplasm (yz)............ | 79 58 6 


is | 9 3.8 


238 219 | 214 


en | 240 231 | 226 


295uu, such as the quartz mercury are and bare metallic ares, are known 
to be extremely injurious and the eyes should be carefully protected 
from them. 

Effect on the skin. It is difficult to give exact figures as to the extent 
to which light of different wavelengths penetrates the skin, although a 
number of papers have been published on the subject. The following 
quantitative results have been given by Hasselbalch (23) (table 2). 

Henri (9) gives the thickness of protoplasm which absorbs 90 per cent 
of ultraviolet light of different wavelengths (table 3). 

Glitscher (24) gives a curve combining his results with those of 
Hasselbalch, which is shown in figure 1. Roughly one can say that 
light less than 300uu is absorbed by the epidermis in a layer 0.1 mm. 
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thick. The shorter the wavelengths the smaller the layer that will 
completely absorb them. Blood serum absorbs everything below 300uu 
(25). Normal blood absorbs all wavelengths less than 450upy and has 
two absorption bands at 540 and 575yuy. Bloodless tissue is found to 
transmit some light throughout the visible spectrum. 

As a result of the absorption of ultraviolet light in the epidermis, 
the familiar inflammatory reaction known as sunburn is produced. The 
end result of this inflammation is the deposition of the pigment melanin 
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Fig. 1. Absorption of light by the skin. 
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in the basal cells of the epidermis. Melanin is assumed to be the end 
product of the oxidation of tyrosin or of one of the related cyclic com- 
pounds, probably through the agency of an oxidizing ferment such as 
tyrosinase. It is not known how light initiates this reaction and there 
are many theories as to the réle that pigmentation plays in human 
physiology. ‘There is a widespread conviction, not however based on 
very accurate observations, that people who do not tan respond badly 
to heliotherapy. Rollier (26), whose alpine sanitarium for the light 
treatment of tuberculosis has had such great success, is convinced that 
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the beneficial action of sunlight is due to the pigmentation produced, 
He has a theory that pigment, by fluorescent action, transforms short 
lethal rays to long non-lethal rays of a greater penetration, thereby 
doing away with any danger from far ultraviolet light and increasing 
the depth of light absorption. There is no experimental basis for this 
theory, and on examining the human skin under Wood’s invisible mono- 
chromatic light (wavelength 366uu), which produces the most beautiful 
fluorescence in all substances possessing that property, pigmented areas, 
such as freckles, are found to be entirely non-fluorescent. It is possible 
that the chemical change taking place in the epidermal cells, resulting 
in the formation of pigment, acts in some way as a stimulus to 
metabolism. The question cannot be definitely discussed since little 
is known about these chemical changes and one can not definitely. say 
just which rays are responsible for the formation of pigment. It is 
formed, we know, by the ultraviolet radiation in sunlight so that wave- 
lengths greater than 290uu are effective and experiments by de Laro- 
quette (27) show that sunlight through glass, which cuts off wave- 
lengths less that 330uu, produces only a slight degree of pigmentation. 
The most effective rays in sunlight seem, therefore, to be between 290 
and 330uu. Jungling (28), although he shows that solar erythema is 
only produced by rays less than 330uu, the effect increasing rapidly 
with decreasing wavelength, finds that pigment can be produced by 
rays greater than 330uu and that rays less than 290uu, while producing 
a violent inflammation, do not result in heavy pigmentation. Apparently 
these very short wavelengths are absorbed before they reach the basal 
cells of the epidermis and are therefore less effective than the ones from 
290 to 330uu. Owing tothe difficulty of filtering ultraviolet light so as 
to obtain only rays less than 290uy, it isnot known how short a wave- 
length is able to produce pigmentation. 

It is undoubtedly true that one function of pigment is to act as a 
protection to the underlying tissues against too much radiation. But 
at the same time it insures a maximum absorption of radiant energy in 
the basal cells of the epidermis and may therefore result in an increased 
light reaction at that point. Ultraviolet light of wavelength shorter 
than 290uu would not reach these basal cells except where the epidermis 
is less than 0.1 mm. thick, so that pigment affords no protection against 
radiation shorter than that found in sunlight. Any speculation on the 
réle played by pigmentation suggests a comparison between the re- 
sponse of white people and negroes to heliotherapy. As nearly all of 
the published work on heliotherapy is foreign, and most of it German, 
this comparison has not yet been made, so far as the writer knows. 
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Light as a stimulus to plain muscle. Adler (29) has experimented with 
the effect of light on surviving organs and finds that ultraviolet radiation 
can act as a stimulus to the stomach and intestines of the frog, and to 
the uterus of the rabbit and guinea pig. Visible light has no effect 
unless the organs are sensitized with some dye such as eosin or hemato- 
porphyrin (see section on photodynamic sensitization), in which case 
it acts as a stimulus also. 

The effect of light on the blood. Numerous investigators have studied 
the effect of light on the blood and their results, although usually com- 
plicated by the effects of heat and altitude, agree fairly well. The effect 
of sunlight on the erythrocyte count is not very marked. For short 
exposures there is no response and some observers have reported 
negative results when the exposures extended over a considerable length 
of time (30). However, enough observers have obtained positive 
results to make one believe that there is a decrease in the red count 
and the percentage of hemoglobin in the dark and an increase in the 


light, after long exposures (31), (32), (83). These changes are not per- 


manent and the blood count later returns to normal (2), (3). 

On the contrary, the white blood cells, especially the lymphocytes, 
respond to short exposures of any radiation (sunlight, ultraviolet light, 
x-ray, heat). Murphy (34) has shown that a 5-minute exposure to 
dry heat at 45° to 65°C. will produce a rise in lymphocytes of 100 to 
200 per cent over the normal count. Russ (35), Taylor (36) and others 
have shown that on exposure to x-rays the lymphocytes fall rapidly. 
The response to light is less striking but certain definite results have 
been found and all the published results agree in the conclusion that 
ultraviolet light st’mulates a lymphocytosis in men and animals (37), 
(38), (39), (40). In animals it is found (40) that this ultraviolet lym- 
phocytosis is due entirely to rays shorter than 330uy. Ultraviolet light 
from 330 to 390uu diminishes the lymphocyte count slightly but light 
from a metallic are very rich in wavelengths shorter than 330yy pro- 
duces a marked lymphocytosis reaching its maximum in about five 
days. The production of lymphocytosis, as well as the formation of 
pigment by ultraviolet light may well be an important factor in helio- 
therapy. The means by which this lymphocytosis is produced is as 
yet a mystery. Bunting and Huston (41) have recently published 
experiments showing that more lymphocytes enter the blood stream 
from the thoracic duct during twenty-four hours than are present in the 
blood at any time. The excess of cells migrates from the blood vessels 
into the mucous membranes, chiefly the gastro-intestinal tract. A 
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lymphocytosis might result either from an increased rate of production 
or from a decreased rate of destruction, probably from the former, 
Presumably the lymphocyte-forming organs are stimulated to greater 
activity by some photochemical change produced by ultraviolet light. 
Blood radiated outside the body, and then introduced into the blood 
stream, has no effect on the lymphocyte count (40), so that whatever the 
photochemical reaction may be it probably takes place in the surface 
tissues through which the blood circulates, or in the walls of the capil- 
laries themselves. 

Most interesting effects of ultraviolet light on the internal organs 
have been reported by Levy (42) and Gassul (43). Mice were radiated 
with ultraviolet light for periods ranging from 10 minutes to 56 hours. 
The animals were then killed and the internal organs examined both 
macroscopically and microscopically. The spleen, lungs, and liver 
were found engorged with blood. The spleen was most affected, having 
increased to two or three times its normal size, partly due to a very 
great hyperemia, partly to the development of large masses of connec- 
tive tissue around the follicles. It is apparent then that the absorption 
of ultraviolet light in the surface of the body to a depth of about 0.1 mm. 
results not only in an immediate or direct effect on the skin, as indicated 
by its inflammation and pigmentation, but also in an indirect or distant 
effect on such organs as the spleen and lungs, which can be explained only 
by a cutaneous reflex of some sort, or, more probably, by the assump- 
tion that some photochemical product, formed at the surface, is con- 
veyed to the internal organs by the blood. The congestion of the lungs 
was such that the red cells had passed through the capillary walls into 
the alveoli. This may explain why heliotherapy in lung tuberculosis is 
frequently followed by hemorrhage. 

Ultraviolet light has a hemolytic action on a suspension of washed 
red corpuscles, outside the body. In the presence of serum this effect 
does not take place. The protective action of serum, according to 
Schmidt and Norman (44), is due to certain amino acids, especially 
tyrosin and tryptophan, owing to the fact that these substances absorb 
the far ultraviolet. There is no evidence of this action in vivo, prob- 
ably owing to the protection afforded by the skin and serum. 

Effect on metabolism. Light exerts some influence on body metabo- 
lism, as is shown by a number of results indicating a change in amount of 
CO, expired, a change in rate and depth of respiration, and an increased 
rate of growth in the light compared to the dark. However, no results 
definite enough to review at any length are reported in this field. Since 
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ultraviolet light is a powerful oxidizing and reducing agent it seems 
strange that it does not produce more marked changes in metabolism 
than it does. The small penetration of the chemically active rays is 
of course our protection against them. As far as the change in CO, 
output is concerned, it is visible light and ultraviolet light greater than 
330uu which is responsible for the effects reported so far, as the animals 
experimented on were always exposed to light under glass. None of 
these experiments are recent (19), (45), (46), but they suggest that it 
would be worth while to study the basal metabolism of human beings 
in the light and the dark, and in light of different wavelengths. Very 
recently experimental work on rickets (66), (67) has given evidence that 
light is concerned in the phosphorus and calcium metabolism of the 
body. The results of this work are discussed further under the section 
on heliotherapy. 

Photodynamic sensitization. Although ultraviolet rays, particularly 
those below 300uu, produce many reactions in living cells, visible light 
is apparently without any effect except in producing vision, heat, and 
possibly some change in metabolism. It is however possible to sensi- 
tize living cells, just as one sensitizes a photographic plate, and produce 
an abnormal condition in which visible light is as active as ultraviolet. 
This phenomenon has been called photodynamic sensitization. It was 
discovered accidentally by Raab (47). Under the direction of von 
Tappeiner he was stuying the toxic action of acridin on paramoecia 
and the discordant results in determining the minimum fatal dose led 
to the discovery that acridin is lethal only in the light. With a strength 
of 1:20000, paramoecia are killed in 6 minutes in direct sunlight, 1 hour 
in diffuse daylight, and are unharmed in the dark. After this fact was 
discovered the subject was extensively investigated by von Tappeiner, 
Jodlbauer, and their co-workers (48) and many substances were found 
to act as sensitizers, fluorescein and its derivatives being especially 
potent. In vitro, a surprising number of interesting results was ob- 
tained and it was found possible to sensitize, to the action of visible 
light, bacteria, protozoa, red blood corpuscles, enzymes, ferments, the 
various substances concerned in immunity, and certain well-defined 
chemical substances, such as the combination of mercuric chloride and 
ammonium oxalate. 

Von Tappeiner laid great stress on the fact that most of the substances 
which act as sensitizers are fluorescent. Photodynamic action however 
is not proportional to the degree of fluorescence and, although only that 
region of the spectrum is effective which is absorbed by the fluorescent 
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substances (bluish green for eosin, violet for quinine), it is not always 
the region that gives the strongest fluorescence that gives the greatest 
photodynamic sensitization. Also a number of non-fluorescent sub- 
stances act as sensitizers of photographic plates. Von Tappeiner con- 
siders this a different phenomenon, but as Sellards (49) says, in his 
interesting review of the subject, it is hard to see why one should make 
any distinction between the oxidation of substances such as KI or 
metallic silver by eosin and light, and the acceleration of a photographic 
plate by chlorophyll. 

The light emitted by the fluorescent body is in itself ineffective. It 
is necessary that the sensitizer be in contact with the material on which 
it acts. Von Tappeiner probably laid a great deal too much stress on 
the importance of fluorescence in photodynamic action. It is the usual 
accompaniment but not the fundamental cause of the sensitization, 
a sort of outward and visible sign, so to speak, of an inner activity in 
response to light. Fluorescence, in fact, is amore general property than 
is usually supposed. In a dark room, under Wood’s invisible light 
(quartz mercury are through a filter transmitting only wavelength 
366uu), nearly all substances show some degree of fluorescence. 

There is no evidence that the sensitizer is permanently altered by 
exposure to the light. If eosin is exposed to light and then added, in the 
dark, to a solution containing bacteria, or washed red blood corpuscles, 
it is as harmless as if it had never been exposed. The presence of oxy- 
gen is necessary for most of the effects produced by visible light and the 
only light which is effective is light of wavelengths corresponding to the 
absorption band of the sensitizer. 

The sensitizing reactions are specific. Although eosin seems to be a 
sensitizer for all cells and chemical substances, this is not invariably 
true of other dyes. For instance, methylene blue acts as a sensitizer 
to katalase but not to peroxidase, and the relative sensitizing action of 
various dyes is different towards different substances. The specificity of 
the phenomenon is especially striking when the experiments are tried in 
vivo. Although a great many substances sensitize in vitro, only eosin, 
chlorophyll and certain derivatives of hemoglobin have so far been 
found effective in vivo and the only markedly effective sensitizer for 
higher animals is hematoporphyrin. This substance is derived from 
hematin by removing the iron. It has the formula C3,H3sO,N4, but is 
usually obtained and used in its crystalline compound with hydrochloric 
acid. In vitro it is a less effective sensitizer than the members of the 
fluorescein group, but in vivo it produces the most marked effects. 
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Hausmann (50) injected white mice with it and found 0.01 gram harmless 
in the dark while 0.002 gram will bring on acute symptoms in the light. 
There is a marked but temporary hyperemia of the ears, nose and tail, 
and after a period of great activity the animal becomes quiet, shows 
dyspnea and dies in one to three hours. If exposed to a less intense 
light or if exposure to an intense light takes place some time after in- 
jection, the mouse develops a subacute form and dies in one to two days. 
With still less light, or a longer interval between injection and exposure, 
the animals develop a chronic form and remain sick and light-sensitive 
for months. The blood of the hematoporphyrin mouse is not hemolysed 
and it is probable, from the length of time that an animal remains 
sensitized, that hematoporphyrin forms a stable photosensitive com- 
pound with some element of the skin tissue which is only slowly broken 
down and eliminated. 

As mentioned above, Adler (29) found that visible light acts as a 
stimulus to plain muscle in various organs, when they aresensitized with 
different dyes, and Amsler and Pick (50) have made numerous experi- 
ments with light on the surviving frog’s heart. Neither eosin, nor 
hematoporphyrin, nor visible light alone affects the surviving heart 
injuriously but if a small amount of sensitizer is added to the perfusing 
solution, and the heart then radiated with visible light, the illumination 
produces a disturbance in the atrio-ventricular transmission of the im- 
-pulse, resulting in a sort of heart block, in which the nervous rather 
than the muscular parts of the organ are affected. 

There are a few instances of spontaneous sensitization in which the 
skin is abnormally sensitive to light. Buckwheat poisoning, among 
animals, is the best instance and it has been suggested that the skin 
lesions in pellagra indicate a light-sensitive condition in man. Meyer- 
Betz (52), with more devotion to science than to his own welfare, 
tried the effect of hematoporphyrin on himself, by injecting 200 mgm. 
into his own blood. Subsequent exposure to light produced most dis- 
tressing symptoms similar to those seen in the mouse and he remained 
light-sensitive for a long time. In the light-sensitive condition, known 
as hydroa vacciniformis, hematoporphyrin is found in the urine and 
it has been suggested that it is an example of naturally occurring hema- 
toporphyrin sensitization, since the symptoms bear some resemblance 
to Meyer-Betz’ reactions. However, Sellards (49) after working at the 
problem from many different angles came to the conclusion that, on the 
whole, sensitization plays but little part in the etiology or therapy of 
the diseases of man. Bile pigments are photodynamic in vitro, but 
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apparently the body can be overwhelmed with highly hemolytic pig- 
ments without suffering serious unjury. There is, perhaps, some 
mechanism protecting the body against the hemolytic action of bile 
pigments which is not so efficient toward hematoporphyrin. 

As has been explained above, the usual meaning attached to photo- 
dynamic sensitization is the production by visible light, plus a sensitizer, 
of the same reaction that ordinarily takes place under ultraviolet light. 
It has however been shown by Howell (paper not yet published) that 
there is another type of sensitization, in which dyes plus visible light 
produce an effect opposite to that produced by ultraviolet light alone. 
Fibrinogen, freshly prepared, coagulates spontaneously under ultra- 
violet light. If exposed through glass there is no spontaneous precipita- 
tion, but it coagulates on heating to 60°C. or on the addition of throm- 
bin. On adding eosin, or hematoporphyrin, and exposing to either 
ultraviolet or visible light, the fibrinogen is not only desensitized to 
heat, so that is fails to coagulate on heating to 90°C., bat also fails to 
to react with thrombin. Whether the action of hematoporphyrin on 
higher animals belongs to this type of sensitization, or to that usually 
observed, is not at present known. 

Heliotherapy. The results of heliotherapy are entirely empirical 
and not at all based on the experimental facts of light action as out- 
lined above. They suggest, however, many valuable lines along which 
experimental work should be done in the future. 

1. Skin diseases. Much use has been made of ultraviolet light in vari- 
ous diseases of the skin with favorable results in many conditions, but 
the most striking positive result is the work of Finsen (1) in the treat- 
ment of lupus vulgaris. By means of concentrated sunlight or arc light, 
from which the heat was eliminated as much as possible, he was able to 
cure lupus in the great majority of cases. The light destroys the dis- 
eased tissue and promotes the growth of the healthy tissue. The 
treatment is a long one but on the whole safer and more successful than 
treatment by x-rays. Eczema and acne are sometimes cured by light, 
and birthmarks may be improved, but the same or better results can be 
obtained with x-rays. One advantage of ultraviolet over x-ray treat- 
ment is that it is much safer. Even when the skin is severely burned 
no bad after-results are noticed. 

2. Tuberculosis. In addition to its effect on tubercular skin infections, 
light has a markedly beneficial action on most of the other forms of 
tuberculosis, particularly the surgical types. In 1903 Rollier (26) 
founded a sanatorium at Leysin for the treatment of tuberculosis by 
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heliotherapy and his results, especially with surgical tuberculosis, are 
so promising that the method is gradually being adopted elsewhere. 
Rollier’s treatment consists of sunbaths, beginning with a short 
exposure of the feet, and gradually increasing the area exposed and 
the length of exposure until the whole body, except the head, is ex- 
posed for several hours a day. This light treatment, combined with 
outdoor life and a high altitude results in a remarkably large percentage 
of cures. The following statistics, quoted from Gassul’s monograph 
(53) cover 1129 cases, 652 of which were adults (table 4). 

The most striking result is in bone and joint tuberculosis. Exposure 
to sunlight increases the rate of disintegration of cells damaged beyond 
repair, while stimulating the activity of normal cells, and acting also 
as a stimulus to recalcification. X-ray photographs, after the light 


TABLE 4 
Results of light treatment in surgical tuberculosis (Rollier) 
CURED IMPROVED 
. per cent per cent 

81.25 18.75 


Total mortality 0.9 per cent. 


treatment, give striking evidence of the effect upon bone formation. 
According to Rollier, phalanges that have entirely disappeared may be 
so completely recalcified as to be indistinguishable, in radiographs, from 
normal tissue, and adults seem to be as easily affected as children. This 
means that, for early cases at least, the disease can be checked, and 
motion preserved in the affected joint, the gradual establishment of 
motion going hand in hand with the healing process. There is also a 
marked reaction in sinuses and ulcers. Under light treatment there isa 
profuse discharge followed by sloughing, formation of healthy granula- 
tions and healing. In tubercular lymph glands there is a gradual reduc- 
tion in size and in broken-down glands the contents are frequently 
absorbed. There is absorption of effusions in the joints, and in the 
peritoneal and pleural cavities, which is especially noticeable in peri- 
tonitis. A recent paper by Hyde and Grasso (54) gives details of 
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Rollier’s method and the results of its application at Perrysburg, N. Y. 
Their results, though slightly less favorable throughout, are roughly 
similar to those of Rollier, given in table 4, and indicate that helio- 
therapy can be successfully used for surgical tuberculosis even at low 
altitudes. They report the use of the quartz mercury arc on dark days 
but say that it is inferior to sunlight. There are no conclusive results 
on the exclusive use of the mercury are so that it is impossible to say 
how far it may be used to replace sunlight. There is some evidence 
that mercury are treatment is useful in intestinal tuberculosis but in 
lung tuberculosis both sunlight and artificial light baths are apt to lead 
to hemorrhages, possibly on account of the congestion of the lungs, 
which is known to follow exposure to ultraviolet light in the lower ani- 
mals (42), (48). 

How sunlight acts upon tuberculosis is only conjecture at best. 
Rollier insists on the fact that the benefit is always proportional to the 
degree of pigmentation. Without knowing accurately which wave- 
lengths are responsible for pigmentation and which are most beneficial 
in the treatment of tuberculosis, any connection between the two effects 
is largely guesswork. It may be that the chemical changes resulting 
in pigmentation give a stimulus to the entire body metabolism. It may 
be that after it is formed the pigment acts as a sensitizer to light. On 
the other hand, the production of a lymphocytosis may be the important 
result. It is difficult to get a clear picture of the blood changes due to 
heliotherapy, as the blood picture in different types of tuberculosis is 
different to begin with, and the effect of altitude usually complicates the 
results. Rollier (26) states that, with heavy pigmentation and good 
prognosis, lymphocytosis takes place. Murphy (55) has found that 
mice with a high lymphocyte count are resistant to the inoculation of 
tubercle bacilli, so that the blood changes may well be the important 
ones. If this is correct, wavelengths less than 330uu should be the 
most effective in producing good results. 

Gassul (53) in a recent monograph has given a summary of the re- 
sults of treatment of tuberculosis with radiations of every type (light, 
x-ray, radium). Figure 2 is taken from his paper and shows most 
graphically the high percentage of cures possible by radiation treatment. 

3. Wounds. In connection with the effect of light on tuberculosis it is 
interesting to note that a number of papers have been published on the 
use of ultraviolet light in the treatment of wounds (see review by 
Breiger (56)). The benefit may be partly due to the bactericidal action 
of the short wavelengths but there is also a marked effect similar to the 
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action on tubercular lesions. The diseased tissue is destroyed and the 
growth of healthy granulations stimulated. 

4. Rickets. In tuberculosis of the bones and joints light is found to act 
as a recalcifying agent and this property makes it also a beneficial agent 
in rickets. A number of papers have appeared in foreign journals on 
this subject (57), (58), claiming that under light treatment, with the 
quartz mercury arc, the recalcification of bones proceeds at an acceler- 
ated rate, and that in spasmophilic rickets symptoms of tetany disap- 
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Fig. 2. Percentage of cures in surgical tuberculosis under different methods of 
treatment. 


pear. These experiments were made on human subjects and all the 
evidence has been furnished by radiographs. The study of this effect 
has recently been taken up in this country in a more systematic way 
(59), (60), (61), (62). It seems now well-established, by experiment, 
that rats, fed on a diet which is known to produce rickets, fail to develop 
the disease if they are exposed daily, for a short time, to sunlight or to 
the quartz mercury are. A study of the chemical changes in the blood 
under sunlight treatment for rickets by Hess and Gutman (61), showed 
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that the inorganic phosphorus of the serum, which is reduced in children 
suffering from rickets (63) comes back to normal under sunlight treat- 
ment, or on the administration of cod liver oil. These two agents seem 
to stimulate the deposition of inorganic salts and particularly affect the 
phosphorus metabolism of the body. These results are extremely inter- 
esting from a clinical standpoint and also give the first definite experi- 
mental evidence of metabolic change in the animal body brought about 
by sunlight. 

5. Malaria. There is some evidence for believing that, in cases of 
chronic malaria, relapses may be induced by ultraviolet light (64), (65), 
(66). This is interesting in connection with the experiments by Levy 
(42) and Gassul (43) on the effect of ultraviolet light on the spleen. 
Work in this direction, however, has not progressed far enough to make 
any definite statements possible. 

It has often been suggested that quinine owes its curative properties 
to its photodynamic action. This theory has never had any facts to 
substantiate it and has been thoroughly disproved by Sellards (49). 

Ecology. There seems to be no doubt that, with extended knowledge 
as a result of more exact experiments, heliotherapy will be able to pro- 
duce definite and valuable results. So far the experiments have seldom 
been with monochromatic light and little distinction has been made 
between the ultraviolet in sunlight and in artificial sources. As informa- 
tion on the light emission of different sources and the absorption of 
various materials is scattered and hard to find when needed, tables 
giving some of these facts have been put at the end of this paper (tables 
6 and 7). 

The study of the extent and intensity of the ultraviolet radiation in 
sunlight is of particular interest on account of its application both to 
heliotherapy and to ecology. In connection with his studies on the 
effect of the Philippine climate on man, Freer (67) determined the limit 
of the solar spectrum in the ultraviolet and found it to be 291uy, which 
is identical with the limit as found at all latitudes and altitudes. Miethe 
and Lehman (68) made measurements at Assuan, Berlin, Zermatt, 
Goérnergrat and Monte Rosa and found the limit of the spectrum always 
the same, 291.21 to 291.55uy. This limit, being fixed by ozone absorp- 
tion in the outer atmosphere, is independent of any condition on the 
earth. However, the intensity of distribution in the solar spectrum, 
particularly in the ultraviolet end, is a different matter. Dorno (69), 
in a recent book, has summarized the findings on this subject and given 
the results of his own valuable work at Davos. He studied the daily 
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and yearly variations of the ultraviolet and blue in sunlight by means of 
photo-electric cells. Brightness determinations were made with a pho- 
tometer, and bolometric and pyrheliometric determinations were made 
of solar heat. Most accurate heat measurements have been made by 
Abbot (70) and others but Dorno’s work on the ultraviolet variation is 
unique. Figure 3 from his book shows the extraordinary variation in 
the intensity of ultraviolet radiation throughout the day, and also the 


JAN 15 APRIL [iS 


~ 


~ 


|9 


HOURS 4 3 - 9 12 


Fig. 3. Variation in intensity of solar heat, H, and ultraviolet solar radiation, 


UV, throughout the day, in different months. Experiments at Davos, Switzer- 
land. 


great difference between a day in summer and one in winter. Figure 4 
also shows that the midday variation throughout the year is markedly 
greater for ultraviolet than for heat and visible light. Latitude and 
altitude must also make a great difference in ultraviolet intensity be- 
cause with increase in altitude the transparency of the atmosphere 
increases faster for ultraviolet than for visible light. Since the ultra- 
violet light undoubtedly exerts an influence on the human organism, 


further studies in this field should yield most important ecological 
results. 
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Freer (67), Chamberlain (71) and others have carefully studied the 
effect of a tropical climate on the condition of soldiers in the Philippines, 
especially in reference to the effect on blondes. They found that all 
soldiers, irrespective of their coloring, reacted in the same way to life 
in the tropics. They showed loss in weight, higher pulse rate and rate 
of respiration, and a lower blood pressure. They had a high ree count 
and low color index, and the differential white count showed a high 
percentage of lymphocytes and a low percentage of polynuclears (72). 
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Fig. 4. Average midday intensity of solar heat, H, ultraviolet radiation, UV, 
and brightness, B, throughout the year at Davos, Switzerland. 


The same changes in pulse, respiration, and blood pressure can be 
brought about by moist heat (73), and it is quite possible that the heat 
may also be responsible for the blood changes. On the whole, the work 
in the Philippines showed that the deleterious effects of the tropics are 
due to heat and not to light. Now in tuberculosis and rickets, and pos- 
sibly in other diseases, light has a curative action, and the beneficial 
effects are probably located in the ultraviolet region less than 330uu. 
It seems then conceivable that the benefit we obtain from outdoor life 
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may be due, in part at least, to the ultraviolet of the sunlight. Indoor 
light is cut short at 330up by the absorption of glass. 

A theory of light action. With our increasing knowledge of atomic 
structure, and the importance of the configuration of electrons in an 
atom in determining its physical and chemical properties, we are begin- 
ning to interpret chemical as well as physical reactions in terms of elec- 
tronic behavior. In a general way it is safe to believe that the physio- 
logical effects of light have their origin in the photochemical reactions 
produced when light is absorbed. With simpler chemical substances 
light is seen to act as a powerful oxidizing and reducing agent, so we 
suppose that with the more complex chemical compounds in the living 
cell the same is true. Also, it is safe to suppose that all photochemical 
reactions are initiated by a change in configuration and velocity of the 
elections of the substance absorbing the light. Light energy, absorbed 
by a body, may increase the molecular motion, thereby producing a 
rise in temperature. <f the incident light has small enough wavelengths 
to produce vibrations in the electrons, instead of in the molecules and 
atoms, the absorption of light may result in the escape of electrons from 
the atoms, with a consequent change in valency, resulting in chemical 
action. When light of very short wavelengths (less than 300yy) falls 
on many substances, notably metals, where most of the energy is ab- 
sorbed in the surface layer of atoms, the electrons absorbing this energy 
have their own energy increased to such an extent that they are shot 
off from the surface of the metal, leaving it positively charged. This 
phenomenon, discovered by Hallwachs in 1888, is called the photo- 
electric effect. : 

There is /, the normal photo-electric effect, shown by a great number 
of substances, in which the number of electrons shot off increases with 
decreasing wavelength of the incident light; and 2, the selective effect, 
shown only by the alkali metals, in which a great number of electrons 
are shot out by light of a particular wavelength in a particular state of 
polarization (see fig. 5). This region of maximum activity may be at 
relatively long wavelengths; rubidium 470yp, potassium 435yy, sodium 
340up, etc. Metals in general show photo-electric activity, their rela- 
tive activity varying with surface conditions. Metallic compounds, 
especially sulphur and halogen compounds, show photo-electric action 
and are also extremely phosphorescent. Many non-metallic compounds, 
particularly many of the aniline dyes, are photo-electrically active. 
In metals, where absorption takes place in a surface film, electrons es- 
cape easily and a positive charge is left. This is also true of the photo- 
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electric dyes ina solidform. In liquids, where the penetration is deeper, 
the electrons do not escape so easily and besides the emission of elec- 
trons, there is often an increase in the electrical conductivity of the 
solution. This happens also in some solids, of which selenium is the 
most noteworthy example. The true photo-electric effect (i.e., escape 
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Fig. 5. Typical curves showing the normal and selective photo-electric effects. 


of electrons from the surface) is usually stimulated only by far ultra- 
violet light, which is absorbed in a surface film. Inner photo-electricity, 
or ionization due to light, which shows as an increased conductivity, 
is due to light of longer wavelength which penetrates into the liquid or 
solid in question, and the region of maximum activity may lie in the 
visible or infrared. 
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The principal experimental results to be explained by theories of 
photo-electric action are these: a, uniform velocity of electrons for light 
of a given wavelength; b, velocity of electrons independent of intensity 
of light; c, number of electrons proportional to intensity of light;d, num- 
ber and velocity of electrons increase with decreasing wavelength (i.e., 
increasing frequency) of exciting light; e, number and velocity of elec- 
trons independent of temperature; f, with increasing wavelength (de- 
creasing frequency) the effect becomes 0 (i.e., there is a threshold fre- 
quency ¥o, such that no light of frequency less than v) causes emission 


of electrons and any light of frequency greater than vy causessomeemis-" 


sion.) Many physicists prefer to believe that light acts through res- 
onance, the energy of the orbital motion of the electron being gradually 
increased by sympathetic light vibrations until the electron is able to 
escape from the control of the forces binding it to the atom. Usually, 
however, the photo-electric effect is interpreted in terms of the quantum 
theory. It is supposed that the kinetic energy of an electron is in- 
creased by the energy of one light unit = HZ = quantum of light energy 
= hv, where v is the frequency of the light and h is a universal constant. 
If this whole energy is given to one electron, and none is lost by sub- 
sequent collision, it leaves the body with energy = 4 mv? = hv — P, 
where P is energy lost in getting out of the atom. The energy, hence 
the velocity, of the emitted electron thus obviously increases with in- 


creasing frequency (decreasing wavelength). Suppose V = + poten-. 


tial just necessary to prevent the electron from leaving the body. 
Then Ve = 4 mv = hy — P. The long wavelength limit of the photo- 
electric effect, or the photoelectric threshold, is that frequency (vo) for 
which the electron escapes with zero energy. It is therefore given by 


O=hw—-P 


so that hv, is the work required for an electron to escape from the atom 
and 
Ve = 3 mv? =h (v — vo) 


This equation has been verified experimentally. 

The existence of this threshold frequency (v») is one of the most 
striking features of photo-electric action. It signalizes a sharp and 
absolute discontinuity in the phenomenon. It is a perfectly definite 
quantity when the condition of the body is definitely specified but it is 
extraordinarily sensitive to minute changes in surface conditions, such 
as is caused by the presence of extremely attenuated films of foreign 
matter. The importance of this change in threshold has only recently 
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been appreciated, and sofarfew experiments have beendoneonit. Amuch 
larger number of investigations has been carried out on the change in 
the total photo-electric current (photo-electric sensitivity to unresolved 
light) under different conditions. It is very probable that these changes 
are due to a shift in photo-electric threshold, a shift toward the red 
making a greater portion of the spectrum active and thereby increasing 
the total current. Pohl and Pringsheim (74) found that the photo- 
electric threshold of newly distilled calcium amalgam moved from 350 
to 600uu, and that of magnesium amalgam from 350 to 550up in 24 
hours, without apparent cause. In the near future much more informa- 
tion on this important point will undoubtedly be available. 

Throughout this paper, and throughout all the literature on light 
action, there has been continual reference to the phenomenon of fluores- 
cence. This term is often vaguely understood. The term lumines- 
cence is a convenient one to include all cases in which there is an emis- 
sion of light. We distinguish between electroluminescence, due to 
such agencies as cathode rays; triboluminescence, due to friction and 
crushing; chemiluminenscence, due to chemical action (to this type 
belongs the bioluminescence of fireflies and sea animals, which latter is 
unfortunately spoken of usually as phosphorescence) ; and photolumines- 
scence, due to light. 

In electroluminescence we can see that the excitation must be closely 
connected with the displacement or separation of electrons from the 
atoms of the substance. In triboluminescence, bearing in mind the 
facts of frictional electricity, it is also probable that displacement or 
separation of electrons must take place. In chemiluminescence we have 
the rupture of a chemical bond (displacement of a valency electron). So 
when we come to photoluminescence it is natural to suppose that the 
separation, either partial or complete, of electrons from the atom is 
an important stage in the process by which emission of light is brought 
about. 

Photoluminescence includes both fluorescence and phosphorescence. 
In both cases light of one wavelength, falling on a substance, results in 
the emission of light of another and longer wavelength. For instance, 
quinine shines with visible blue light when illuminated by ultraviolet. 
Luminescence observed only while the exciting light acts is called fluores- 
cence, and that which continues after the stimulus ceases is phosphores- 
cence. Generally speaking, liquids and vapors are fluorescent, and 
solids show both fluorescence and phosphorescence. Lenard and 
Saeland (75) have shown that phosphorescent solids are usually photo- 
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electric and Stark and Steubing (76), in studying organic compounds, 
showed that those which fluoresce easily are generally photo-electrically 
active in a solid form. This is not easily observed in solutions since the 
emitted electrons are caught by the molecules of the solvent and do not 
escape, and the photo-electric effect becomes latent (77). 

When exciting light falls on a fluorescent substance we may suppose 
that electrons are separated, partially or completely, from their parent 
atoms, but that this separation represents an unstable condition and 
recombination takes place with the emission of light. In the case of 
phosphorescence, a finite time elapses between the separation of the 
valency electrons and their return. Although fluorescence in general 
is accompanied by photo-electric action, this is not essential since the 
separation of the electrons may be only partial. We therefore can 
regard fluorescence and phosphorescence as evidences of a complete, or 
incomplete, separation of electrons under the action of light, with a 
subsequent return to the atom. 

From the point of view of modern physics, we may regard it as practi- 
cally certain that the first stage in any photochemical reaction consists 
in the separation of valency electrons under the influence of light. In 
the true photo-electric effect the electrons are lost from the substance, 
in fluorescence they return to their original atom, in photochemical 
reactions they attach themselves to some other atom, or group of atoms. 
In general, maximum fluorescence is given by wavelengths too long to 
produce any photo-electric action at all. In other words, under visible 
light the energy absorbed by an electron (hv) is too small to separate it 
completely from the atom. Pauli (78) studied the ratio of the intensity 
of fluorescent light to exciting light, and also the degree of photo- 
electric action, as a function of the wavelength of the exciting light. In 
the substances used, maximum fluorescence was stimulated by visible 
light from 400 to 500uu, whereas the photo-electric effect began in the 
ultraviolet and increased with decreasing wavelength. The two effects, 
however, overlapped over a considerable range. Thus, in the presence 
of very great photo-electricity, there would be little chance of fluores- 
cence and photochemical action would be confined to a surface film. 
In cases of very strong fiuorescence, with only a partial separation of 
electrons and a swift return to the original atom, there would be few 
electrons lost or joined to new atoms, and therefore little photo-electric 
or photochemical action. But at intermediate stages all three might 
occur simultaneously, and constitute three different possible manifesta- 


tions of the displacement of valency electrons as the result of the absorp- 
tion of light energy. 
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One photochemical reaction, which is universally familiar and of 
special use as an analogy in physiological actions, is the formation of an 
image on a photographic plate. Joly (79) is responsible for an explana- 
tion of this reaction which is a necessary step in the development of 
this theory. He advanced the theory that ‘‘the beginnings of photo- 
graphic action involve an electronic discharge from the light sensitive 
silver halide molecule. In other words, the latent image is built up of 
ionized atoms or molecules upon which the chemical effects of the de- 
veloper are subsequently directed.’’ In support of this it is known that 
silver halides are vigorously photo-electric, with their activity in the 
descending order, bromide, chloride, iodide (the same order as their 
photographic sensitiveness). Also photographic images are produced 
by x-rays and radium, which are strong ionizing agents. It may be 
that the ionization brings about a chemical change and that the chemical 
product is the latent image, but as the latent image can be formed at 
temperatures approaching absolute zero, this explanation is not likely. 
If a gel containing silver halide grains is illuminated, the photo-electrons 
emitted move out with velocities depending on the wavelength of the 
light and, when illumination ceases, there is a charged grain surrounded 
by gel in which negative electrons are disseminated, the radius of the 
sphere of distribution depending on the velocity of the electrons emitted. 
The developer then reacts chemically with this latent image to effect 
reduction of the silver halide grains. On this theory a very complete 
explanation of photographic reversal is possible (80). 

To this theory, as given by Joly, the following suggestion should be 
added which, so far as the author knows, has not been given before. 
An unsensitized plate responds only to short wavelengths, which is to 
be expected because, except for the selective effect, photo-electric action 
is given only by short wavelengths. After sensitization, plates respond 
to longer wavelengths. Since sensitizers are many of them known to 
be photo-electric it seemed at first that they might possess selective 
photo-electricity in the region of their absorption bands, thus making 
the plates photo-electrically active at longer wavelengths. But since 
the photo-electric activity of the sensitizers so far investigated is not 
of the selective type, this is not supported. It seems more likely that 
the sensitizers act by shifting the photo-electric threshold of the active 
silver halide particles to longer wavelengths so that they become photo- 
electrically active and capable of forming a latent image throughout the 
visible, and even into the infrared. 

lf we now consider the physiological actions of light on this theory we 
see that they fall in line very easily. For light of wavelength less than 
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300uu we get intense reactions, due primarily we may suppose to the 
ionization of photo-active elements in the skin and blood of higher ani- 
mals, and in the protoplasm of lower animals. This is analogous to the 
formation of the latent image in photography. Subsequent chemical 
action on these ionized substances produces changes which, in certain 
cells, result in the formation of the pigment melanin. In the particular 
case of pigment formation one might guess that tyrosin was the photo- 
active element involved. Besides pigment formation in the basal 
epithelial cells there are undoubtedly many other photochemical re- 
actions induced by the ionized condition due to light. Ordinarily, light 
of longer wavelength is ineffective in producing physiological changes 
but the living cell, like the photographic plate, can be sensitized. In 
the presence of certain substances, such as eosin and hematoporphyrin, 
the photo-electric threshold of the cell, or of some of its constituents, 
shifts towards longer wavelengths and we get the same chemical changes 
initiated by visible. light that we usually get only with ultraviolet. 
These changes naturally take place at the absorption bands of the sen- 
sitizer where the greatest amount of light energy is absorbed and made 
available for transformation into electronic energy. This shift in 
photo-electric threshold is easily brought about in vitro, giving rise to 
the many results obtained in photodynamic investigations. In vivo it 
happens only rarely, hematoporphyrin alone being capable of creating 
any marked sensitivity to visible light. There is considerable evidence 
to show that diseased tissue is more susceptible to radiations than normal 
tissue. ‘To push the photographic analogy further, we may assume that 
normal tissue acts like a slow plate, and diseased tissue like a fast one. 
In the green plant one may suppose that the chlorophyll produces a 
sensitized condition to visible light and makes it normally photo-active 
to long wavelengths, at the same time giving greater absorption in the 
visible. An analogy between chlorophyll and the sensitizers of a photo- 
graphic plate has frequently been drawn (81). If, as has been postu- 
lated, the sensitizer acts by shifting the threshold toward the red, as 
well as by increasing the absorption in the visible, the plants without 
chlorophyll should show photo-synthesis in the ultraviolet. Experi- 


ments by Stoklasa (82) show that, in etiolated plants, the formation of ° 


chlorophyll proceeds at a greater rate under the quartz mercury are than 
in sunlight. So it seems probable that the early stages of photo- 
synthesis proceed faster in ultraviolet light and result in the formation 
of chlorophyll which then protects the plant against an overdose of 


ultraviolet, and sensitizes it so that synthesis then proceeds in the 
visible. 
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Reasoning along this line leads one to suppose that the pigment in 
human skin may act in a somewhat similar way, forming under ultra- 
violet light, and then acting as a sensitizer so that wavelengths greater 
than 300uu become active in producing physiological effects. If this 
were true one would expect the good results of heliotherapy only after 
pigmentation had taken place. If, on the contrary, the chemical action 
resulting in the formation of pigment is the principal source of benefit, 
one would expect good results chiefly during the period of pigment 
formation. 

The theory stated above can be summarized as follows. Light shorter 
than 300up acts on the living cell by ionizing its photo-electric con- 
stituents, and thereby leading to photochemical action. Light longer 
than 300uu acts in the same way in the presence of sensitizers, which so 
affect the surface conditions of these constituents that their photo- 
electric threshold is shifted into the visible, and they therefore become 
ionized, with resulting chemical action, when illuminated by visible or 
near ultraviolet light. 

This theory is based on purely theoretical considerations, but a recent 
paper by Schanz (83), written in support of a different view, contains 
experimental results which, although in no sense a proof, give more sup- 
port to the theory here described than to that adopted by him. Schanz 
found that egg albumin is photo-electric and then examined its activity 
when combined with various photo-electric fluorescent dyes some of 
which are sensitizers and some not. Some of his results are given in 
table 5. 

Schanz’s explanation is that the sensitizers emit electrons which, by 
ionizing the molecules of the egg albumin, effect in it a chemical change. 
However, as none of the fluorescent substances used show any photo- 
electric effect for light through glass, there is no reason to suppose that 
they would by their own photo-electricity sensitize to visible light. If, 
however, the combination of egg albumin and a sensitizing dye resulted 
in shifting the photo-electric threshold of either toward the red, with 
resulting photo-electric action for wavelengths greater than 330yy, 
there would then be reason to expect photo-activity in the visible and 
‘near ultraviolet. The fact that Schanz found eosin and egg albumin 
together more photo-electric than either alone makes it probable that 
this actually occurred. Schanz however did not investigate the long 
wavelength limit of the effect and experiments are now in progress in 
this laboratory to test this point and to see whether, in general, sub- 
stances sensitized so as to react in visible light, also show a shift in 
photo-electric threshold. 
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A number of scattered results give considerable evidence in favor of 
a photo-electric theory of photosynthesis. Becquerel (84) exposed 
collodion films containing silver bromide and chlorophyll to the solar 
spectrum and found reduction of the silver bromide in bands corre- 
sponding to the absorption bands of chlorophyll, and therefore to the 
region of photosynthesis. Dixon and Poole (85) found no photo- 
electric action in visible light in acetone extracts of pulverized leaves, 
as measured by the discharge of electrons from the surface. On the 
other hand Waller (86), Ries (87) and Samsonov (88) have all found 
that the Becquerel effect (production of a current by illumination of 
one electrode) was very marked when chlorophyll was used as the eléc- 
trolyte. The maximum action in visible light was in the red, and 


TABLE 5 
LEAK OF 
SUBSTANCE ELECTROMETER 
IN 3 MINUTES 
Divisions 
Methylene blue and egg 7.70 


there was no effect in the green, again corresponding to the region of 
photosynthesis. This tends, indirectly to support the general theory 
of light action given above. 

The importance of light in initiating chemical and physiological re- 
actions has not been generally recognized in the past and perhaps should 
not be stressed too much now, without further experimental facts to 
substantiate it. But in closing, reference may be made to a remarkable 
paper recently published by Perrin (89) in which he boldly makes the 
hypothesis that all chemical reaction is initiated by the absorption of 
radiation (heat, light, ete.), and that the speed of the reaction is deter- 
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mined by the intensity of this radiation. He represents all chemical 
changes by equations of the type 


A+hv=A'+hr’ 


Matter in a state of stable equilibrium A, on the absorption of a quan- 
tum of energy hy, goes into a state of equilibrium A’ with the emission of 
a quantum of energy hv’, and vice versa for a reaction of a reversible 
type; h(v—v’) represents the heat of reaction, and for the particular 
reaction 30.2203, which he considers in detail, where v and v’ are the 
ultraviolet absorption frequencies of oxygen and ozone (wavelengths 
165upz and 260yp respectively) the heat of reaction is actually closely 
represented by h(v—v’). On this theory all chemical change A — A’ is 
initiated by the absorption of radiation of frequency »v and proceeds 
with the emission of fluorescent radiation of frequency v’, which may 
be in the infrared and hence invisible. This is only a hypothesis as yet 
but it leads to a satisfactory explanation of certain facts about the veloc- 
ity of chemical reactions which were not explained on the older kinetic 
theory. Recent calculations by Langmuir (90) show that Perrin’s 
theory does not apply to many cases of molecular dissociation in the 
simple form given above but suggest an additional source of energy for 
which the radiation may act as a releasing trigger. There is, however, 
in the paper a suggestion that photo-electric action in an enlarged sense 
may be one of the most fundamental and important occurrences in 
nature. 
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TABLE 6 - 


Emission spectra of various sources in the visible and ultraviolet 


Quartz mercury arc...... 


Electric sparks........... 


Hydrogen discharge tube 


Continuous spectrum, except for the absorption of 
the Fraunhofer lines. Short wavelength limit 
= 291yup, due to the absorption of ozone in the upper 

atmosphere. 

Discontinuous spectrum giving a number of bright 

lines from 230yuu to 579 uu. There are anumber of 


arc itself emits shorter lines which are absorbed 
by the quartz. 

Discontinuous. Many sparks give lines of shorter 
wavelength and greater intensity than the mercury 
arc. The aluminum spark gives strong lines at 
185, 186, 193 and 199yu. 

Discontinuous. Relatively feeble in the visible but 
rich in very short wavelengths. If filtered through 
fluorite there are a large number of lines between 
103 and 165yz. 


Carbon arc...............| Band spectrum, rich in near ultraviolet but weak 
beyond 300up, practically nothing below 240 uy. 
Iron arc..................| Very rich line spectrum with lines so close that it 


Tungsten arc............. 


amounts almost to a continuous spectrum as far 
as 230up. 

Richer in lines than the iron arc, especially good in 
the ultraviolet as far as 210up. 


TABLE 7 


Transparency limits in the ultraviolet 


weak lines below 230, the shortest being 185. The © 


svnsrance 
Crystalline quartz (0.2 mm. thick)..................ceeeeeeeeee 145 
Crystalline quarts (2.0 mm. thick)..................ccccccecees 150 
Clear quartz glass (fused eee 180 
Common soda glass (0.2 mm.).............ccceeeeeeeceeeeeeees 300 
Common soda glass (2.0 330 
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THE MECHANISM OF MUSCULAR CONTRACTION 


A. V. HILL 
From the Physiological Laboratory, Manchester, England 


In 1914, the present writer prepared a review (33), for the Ergebnisse 
der Physiologie, on the relation between the heat-production of muscles 
and the chemical processes taking place in them. An account and 
bibliography, up to that date, of the work relevant to the present sub- 
ject was given there, and it not proposed to cover this ground again, 
except insofar as more recent investigations require a revision of, or 
reference to, the earlier work. Neither is it proposed to discuss in 
general the theory of muscular contraction; the following pages are 
confined rather to an account of the various physical, chemical and 
mechanical phenomena exhibited by the active muscle, together with 
a speculation on their immediate causes. At present the phenomena 
themselves are complex enough, and ill-understood, and until we have 
an adequate foundation of fact it is worse than useless to erect an edifice 
of theory which will certainly topple down, as all theories of contraction 
have done before. 

Part 1. MECHANICAL PHENOMENA. Evidence was given by A. V. 
Hill (28), (31), and by Hartree and A. V. Hill (23) (24), that it is simpler 
to regard the potential energy set free, rather the actual work done, 
as the mechanical end-product of physiological activity in muscle. 
This potential energy, which we will term the ‘‘theroretical maximum 
work,” Wo, is widely different from W, the work actually realisable in 
practice. The difference is due to several factors: a, to the conditions 
of loading—if the load be too heavy the muscle cannot move it, and no 
work will be done: if it be too light the muscle cannot exert its full 
strength, and the work will be reduced: and between these limits every 
value of the load tends to waste some of the theoretical maximum work, 
Wo; b, to the fact that (in a twitch or a short tetanic contraction) 
relaxation may have commenced before the shortening is complete: 
and c, to the viscous resistance of the muscle to a rapid change of form. 
The actual work W is determined therefore by the manner and speed 
with which the shortening is carried out, while the theroretical maxi- 
mum work W> depends only on the stimulus, and on the condition, 
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temperature, and length of the muscle fibers. Hence, in comparing 
the mechanical with the thermal (or the chemical) response of muscle, 
it is desirable to employ the theoretical maximum work Wp» as the 
basis of comparison. 

The theoretical maximum work. If the force exerted by. a stretched 
elastic body be plotted against the distance through which it has been 
stretched, we obtain a “stress-strain diagram,’’ the area of which gives 
the amount of work expended in the stretching. If the elastic body be 
one which does not show the phenomena of “‘after-extension,”’ i.e., does 
not continue to strain when a constant stress is applied, the same amount 
of work can be recovered by allowing the body to shorten again. The 
theoretical maximum work Wp, or the potential energy, of the stretched 
elastic body, is then equal to the area of the stress-strain curve, and 
can be determined by experiment and calculation. If however the body, 
like rubber, be one showing the phenomena of after-extension, the work 
done in stretching will be equal to the work recoverable in shortening 
only if both processes be carried out indefinitely slowly. If either process 
be carried out at a finite speed, a finite proportion of the work, or of 
the potential energy, will be dissipated irreversibly by internal friction 
as heat. Muscle shows the phenomena of after-extension in an exag- 
gerated form (see Hartree and A. V. Hill, (27)). 

Suppose that a muscle be subjected to a stimulus of known strength 
and duration, and allowed to shorten freely to a length x, after which it 
comes up against a dynamometer of some kind, and the force f which 
it can exert isometrically at that length is measured. We thus obtain 
a curve relating force to length, and the area of this curve gives the 
theoretical maximum work Wo of the excited muscle (31, p. 450; 56, 
p. 145). From this must be subtracted the work done in giving the 
muscle its initial extension, if any. The precise details of such a deter- 
mination of W» are still a matter of dispute (see e.g., Meyerhof (56)), 
and no final conclusion can be said yet to have been reached: it is 
clear, however, that we are on the right road in seeking for an expression 
of some kind for the maximum work theoretically available in muscular 
activity. In any actual shortening, either of an active muscle or of a 
muscle passively stretched, the amount of work obtainable is less than 
this theoretical maximum, owing to the fact that the muscle can exert 
its maximum force at any length only if it be given a considerable time 
at that length to develop it. This is due to the same cause as the 
phenomena of after-extension in muscle, viz., to the viscous resistance 
of the muscle-substance to a rapid change of form. (See fig. 1.) This 
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phenomenon of after-extension is presumably due to the fact that muscle 
consists of a fine elastic network, containing a viscous fluid. Any 
change of shape necessitates a flow of fluid to a new position, and if a 
force be applied to the muscle it will be used, partly in stretching the 
network, and partly in driving the viscous fluid of the muscle through it. 


Axlenston 
Z L l 
CB 


Fig. 1. Relation between tension and extension in a muscle. The full curve 
OA corresponds to a very slow process of unloading or loading the muscle from 
or to a given tension, and represents a ‘reversible’? process. The broken curves 
represent ‘irreversible’ processes carried out more or less rapidly. The curves 
OBA, OCA and ODA correspond to loading carried out rapidly, the most rapid 
being OBA, and the least rapid ODA. The curves AB’O, AC’O, AD’O, corre- 
spond to unloading carried out rapidly, the first being the most and the last being 
the least rapid. The potential energy possessed by the stretched muscle corre- 
sponds to the area OAa: the work done in stretching it rapidly along (say) the 
curve OCA corresponds to the area OC Aa: the work obtained from it on unload- 
ing it rapidly corresponds (say) to the area AC’a: the work lost and degenerated 
into heat irreversibly in the complete cycle corresponds therefore to the area 
OCAC’, 

(Note.—The curves are illustrative only and do not represent an actual 
observation. ) 


The realisable work. Most modes of contraction are inefficient. 
Either a, the load is too great and the muscle cannot finish its shortening; 
or b, the load is too small and the muscle cannot exert its full force; 
or c, relaxation has set in before the shortening is complete. In each 
case only a fraction of the available potential energy is realised as work: 
the rest is wasted as heat in the muscle. It is possible completely to 
avoid losses due to a and b by opposing the contractile force of the 
muscle, not to a load but to the inertial reaction of a mass: in this case 
the ‘‘reaction”’ of the mass adjusts itself exactly, neither more nor less, 
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to the ‘‘action’” exerted on it by the muscle, and the potential energy 
of the muscle is free to be transformed into the kinetic energy of the 
mass. By varying the size of the mass the time occupied in the shorten- 
ing may be varied, and so adjusted that the shortening is complete be- 
fore relaxation has commenced. In this way we may avoid all losses 
due to the factors a, b, and c above. There remains however one loss 
which we cannot eliminate, that due to the internal friction of the 
muscle substance itself. 

Poiseuille’s formula for the flow of a viscous fluid in a capillary tube 
states that the volume of fluid driven through per second is proportional 
to the pressure: in other words, the work done (and dissipated as heat) 
in driving a given quantity through is proportional to the speed with 
which the process is carried out. ‘Turning to the case of a muscle, if the 
mass against whose reaction it pulls be large, and if its contraction be 
maintained, its speed of shortening will be small, and little of its poten- 
tial energy will be wasted in overcoming its own viscous resistance to a 
change of form. Under such conditions the kinetic energy produced 
should approximate to the theoretical maximum work Wo. If, however, 
the shortening has to occur within a limited space of time, as e.g., in a 
twitch, the mass cannot be made very large, and the force exerted by the 
muscle at any length will be balanced, partly by the reaction of the 
mass, partly by the frictional resistance of the muscle substance itself to 
a rapid change of form. The latter factor will cause W, the actual 
work done, to be appreciably less than Wo, the elastic potential energy, 
the difference, (Wo—W), being dissipated as heat within the substance 
of the muscle. This has been shown in two ways: a, by Hartree and 
A. V. Hill (27, p. 165) on isolated muscles passively extended, the more 
rapid the shortening the less being the external work done: and b, by 


A. V. Hill (35) on human muscles, the proportion wasted, viz., (WoW) 


0 
of the total potential energy developed, increasing with the speed of 
shortening according to the formula: 


where k is a constant depending on the viscosity of the muscle fluids, 
and ¢ is the time occupied in the shortening. The work done can be 
expressed therefore in the form 


W=Wo(1 
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This expression is very accurately true for the case of human arm- 
muscles. 

The muscle twitch, especially at higher temperatures, lasts only a 
little time, and if shortening is to be complete before relaxation has com- 
menced it has necessarily to occur rapidly. Consequently a consider- 
able proportion of the theoretical maximum work has to be dissipated 
as heat. An investigation has been made by Doi (11), employing an 
inertia device (34) for measuring the maximum work, of the quantity 


= , W being the work realised in a maximal twitch, T the force developed 


in a maximal isometric twitch, and / the unextended length of the muscle. 
The value found was about 0.04 at 15°C., and was practically inde- 
pendent of the degree of extension. The calculation of the potential 
energy of the excited muscle, from the tension-length diagram (31, p. 


453), gives a value for — of about 0.14: hence in a twitch at 15° the 


realisable work W is only about 4 to } of Wo, the potential energy. 
Meyerhof (56, p. 154), employing analogous means, finds that the work 
in a twitch is always considerably less than that calculated from the 
diagram, especially in cases (e.g., rapid twitches at a high temperature) 
where theory requires a greater frictional degradation of energy. In 
prolonged contractions, on the other hand, he has shown that the work 
realised approximates to that calculated from the diagram. If the 
potential energy be not used up completely, either in doing external 
work, or in the irreversible viscous processes associated with the change 
of form of the muscle, in other words, if shortening be not complete when 
relaxation sets in, then what is left of the potential energy must some- 
how be dissipated as heat in relaxation. Hartree and A. V. Hill (23) 
have shown that there is a considerable evolution of heat during relaxa- 
tion following an isometric contraction, and this would seem to repre- 
sent—at any rate in part—the heat-equivalent of the potential energy 
developed during contraction. 

If a muscle be given an unsuitable load it will waste its mechanical 
potential energy in one of two ways: if its load be too small it will 
move too fast and so dissipate too great a fraction of its potential energy 
in viscous processes inside it: if its load be too great it will move too slow- 
ly, or not at all, and will dissipate too great a fraction of its potential 
energy in relaxation. Thus there are really only two processes by which 
the theoretical maximum work W > can be wasted as heat, viz.: a, fric- 
tional loss, due to the rapid change of form; and b, relaxation. In any 
actual contraction both factors play their part. 
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Work collectors. Of such instruments Fick’s ‘‘ Arbeitsammler’’ (17, 
p. 140) is perhaps the best known. The same author described a 
“Winkelhebel” (17, p.55), and a ‘‘Schwunghebel” (17, p. 63) the prin- 
ciples of which have been used by Meyerhof (56). A. V. Hill (34), (27), 
(11) has described an inertia lever balanced on knife edges, for use with 
isolated muscles, and (35) a flywheel device for use with human muscles. 
All these instruments agree in principle in attempting to oppose the 
contraction of the muscle, at every stage, by a force just equal to the 
tension it can exert. In order to secure the greatest amount of work 
from a contracting muscle this principle is necessary, and should be 
embodied in any ergometer by the use of a suitable inertia, or otherwise. 
In the case of human muscular movements the conditions are apt to 
be somewhat altered by the fact that the mechanical “gearing-up”’- of 
the muscles, by their attachments in the body, may decrease as shorten- 
ing proceeds, a fact which may make an isotonic contraction much 
more efficient than it is with an isolated muscle. The subject however 
of mechanical efficiency is dealt with below. 

The isometric contraction. The actual shortening of a muscle is a 
complex process, involving a variety of physical and mechanical factors, 
in addition to the purely physiological ones concerned with the extent 
and course of the response. In order to eliminate these extraneous 
factors it is advisable, where possible, to deal with rigidly isometric con- 
tractions. Physiological literature is burdened with observations which 
depend rather on the properties of levers than on those of muscles, and 
it is possible to avoid any mechanical complication by employing an 
isometric spring-myograph, with good sensitivity and high natural 
frequency. (See (23 p. 115), (65, p. 245), (10).) 

The effects of temperature. The rate of development of the isometric 
twitch has a high temperature coefficient, viz., about 2.5 for 10°C., and 
its rate of disappearance a still higher one, about 3.6 (25). These 
point to chemical reactions as the basis both of contraction and of 
relaxation. Theories of muscular activity have tended to neglect 
relaxation, or to minimise its importance, attributing it in some vague 
way merely to a reversal of contraction. Its high temperature coeffi- 
cient, however, and other more direct evidence, force us (see p. 320 
below) to regard it as a positive process, due to its own special chemical 
reactions, and in no way subsidiary to the other processes of contraction. 

A rise of temperature affects not only the time-relations of a twitch 
but also its absolute size. At any but extreme initial extensions (10) 
the effect of a rise of temperature is to diminish the size of the twitch, 
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in the same way as it diminishes its work (11), or its heat-production 
(12), (24). This probably arises from the fact that the amount of energy 
liberated in a twitch depends upon the duration of the change evoked by 
excitation, this duration being less at a higher temperature. 

Initial extension. It was shown by Evans and A. V. Hill (16) that 


' the force developed in an isometric twitch rises at first as the initial 


extension of the muscle is increased, reaches a maximum, and then 
rapidly decreases. The same is true of the heat-production. These 
experiments have been confirmed and extended by Doi (10), (11), (12), 
who has shown moreover that the maximum work exhibits the same 
dependence on the initial length of the muscle. Similar relations are 
true of the heart-beat, reading “‘ pressure’’ for “‘force,”’ “‘filling”’ for “‘ex- 
tension,” and ‘‘oxygen-intake” for “‘heat-production’”’ ((10, p. 224); 
(37); (62); (47), (48); (60)). The speed also at which relaxation occurs 
is considerably decreased by an initial extension of the muscle (25), a 
fact which again is true of the heart (22). Finally, the temperature 
coefficients (25) of various factors in the twitch are affected by ex- 
tension of the muscle. Of these phenomena, which are clearly of a 
very fundamental nature, no explanation can as yet be given: an ex- 
tension of the muscle fiber from its natural resting length obviously 
modifies the surfaces or media in which the active processes of con- 
traction and relaxation occur. ‘The facts appear to be of great impor- 
tance in relation to the heart. 

Strength of stimulus. The time-course of the isometric twitch of a 
muscle directly stimulated is affected by strength of shock. The re- 
sponse to a weaker shock is invariably more prolonged than that to a 
stronger one, a fact difficult to explain on the ‘“‘all or none” theory (25). 
(See p. 323 below.) 

Recovery of contractility. The return of contractile power following a 
twitch has recently been studied by Adrian (1) and by Hartree and A, 
V. Hill (25). This ‘‘recovery” of contractility has nothing to do with 
the oxidative recovery process discussed below. If a muscle be sub- 
jected directly to two maximal shocks in succession, at a known interval, 
the effect of the second shock can be determined by comparing the re- 
sponse to the first shock only, with the combined response. Adrian 
found, in the case of cardiac muscle, that after a shock there is an ab- 
solute refractory period during which no response is given to the second 
shock, but that as the interval between the shocks is increased the re- 
sponse to the second shock increases to its original value, passing in the 
case of hearts perfused with an acid fluid, through a phase of super- 
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normal contractile power, before settling down to its original state. In 
the case of skeletal muscle the time-relations are very different, and 
Hartree and A. V. Hill were able to demonstrate the same recovery of 
contractile power only by subtracting from the ordinates of the com- 
bined curve the ordinates of the curve produced by a single shock. 
If this be done it will be seen that, following a shock, the contractile 
power is at first nil, then rises to its original value again, passing invari- 
ably, however, in the case of skeletal muscle, through the supernormal 
phase. The ordinary so-called ‘beneficial effects of contraction’ are 
entirely artificial, and due (1, p. 16) to the onset of fatigue and to re- 
cording instruments with too much inertia. 

Tetanic contraction. The prolonged contraction is built up as the 
resultant of the responses to the individual shocks. The manner in 
which this building-up occurs has been discussed by Hartree and A. V. 
Hill (25), who find that successive elements of the response evoked by 
successive units of the stimulus differ from one another, becoming 
smaller and more prolonged as the stimulus proceeds, until finally a 
steady state is reached. The properties of the prolonged contraction 
are similar, in many ways, to those of the twitch. The effects oftem- 
perature on the time-course of the contraction are the same; on the size 
of the response, however, they are in striking contrast, a rise of tempera- 
ture slightly decreasing the size of the twitch, but considerably increas- 
ing that of the prolonged contraction. The explanation of the latter 
effect is simple: the recovery of contractility following a twitch (see 
above) is much more rapid at a higher temperature, so that each ele- 
ment in the response is much less reduced by its predecessors. This 
factor more than counterbalances the slight diminution of the response 
to a single shock. 

Part 11. THE HEAT-PRODUCTION OF MUSCLES: Methods. There are 
two means of measuring directly the liberation of heat in muscles; a, 
the calorimetrical method for cases of prolonged heat-production; and 
b, the thermopile, for cases where the tissue is small and the heat-pro- 
duction of comparatively short duration. 

The calorimetrical method involves the use of a good non-conducting 
container, such as a Dewar flask, and either a differential arrangement 
(29), or an accurately maintained thermostat (53, p. 258), in order to 
control loss of heat by conduction, ete. This method is suitable for the 
investigation of the heat liberated during prolonged stimulation, during 
survival with or without oxygen, during the onset of rigor, or during 
prolonged oxidative recovery. (See (29); (61); (53), (54); (58).) In 
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order to quicken the oxidative recovery process Parnas used a cylindrical 
brass container, within which muscles could be kept in 20r3 atmospheres 
of oxygen, the container being placed in water in the calorimeter: a 
similar instrument was used by Meyerhof (54). 

The thermopile is suitable for the investigation of the total heat pro- 
duced in a contraction, of the time-relations of the heat-production, 
either ‘‘initial’’ or ‘“‘recovery,” and of the thermal changes associated 
with the passive lengthening or shortening of the muscle. In principle 
its use consists merely in placing a muscle in contact with the junctions 
of a thermopile, and recording the deflection of a sensitive galvanometer 
resulting from the rise of temperature. In practice a variety of pre- 
cautions must be taken. In particular it is necessary to avoid differ- 
ences of temperature at different parts of the instrument, or a gradual 
change of temperature of the whole instrument which will inevitably 
cause such differences: otherwise it is impossible to ensure a stable 
zero, or to make observations on muscles allowed to shorten (shortening 
may lead to warmer, or colder, points of the muscle coming on the 
junctions). Such thermopiles have been discussed by A. V. Hill (33) 
and by Biirker (6); recently Hartree and A. V. Hill (23), (26) have de- 
scribed modifications by which the zero may be maintained over a long 
period, the muscle subjected to any desired medium and allowed to 
shorten if required, photographic recording adopted, and quick and 
accurate calibration ensured. 

As regards indirect methods of measuring the heat-production, apart 
from respiratory experiments applied to the whole animal, the only 
important method would appear to be the Warburg-Siebeck method, 
as employed by Meyerhof (54, p. 288), by means of which the oxy- 
gen absorbed by a single gastrocnemius of a frog may be accurately 
determined. 

Thermo-elastic properties of muscle. According to Le Chatelier’s rule. 
and to the Second Law of Thermodynamics, an elastic body suddenly 
subjected to a stress should show a thermal effect tending to neutralise 
the result of the stress. For example, if a steel wire be loaded suddenly 
its temperature will fall, because a fall of temperature causes the wire 
to shorten, and so tends to neutralise the lengthening produced by the 
load. These thermo-elastic effects are by no means small: they may 
easily be observed, and even employed in calculating the stresses in 
structures suddenly loaded (9). Realising that in the case of muscles 
allowed to shorten these thermo-elastic phenomena must necessarily | 
be superimposed upon the other thermal effects accompanying contrac- 
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tion, Hartree and A V. Hill (27) investigated them experimentally in 
living muscle, in dead muscle, and in india-rubber. These substances, 
unlike most others, shorten on being warmed, so that extension should 
lead to a rise, and shortening to a fall of temperature. As seen in figure 
2, extension of a muscle leads indeed to a rise of temperature, as pre- 
dicted, while shortening leads at first to a fall, which fall however is 
rapidly absorbed in a subsequent rise. ‘These phenomena were found to 
be due to two distinct processes, a reversible and an irreversible one. 
The reversible one is that predicted from thermodynamical theory and 
discussed above. The irreversible one is due to heat produced at the 
expense of mechanical energy, by viscous resistance to the change of 


Fig. 2. Pair of sartorius muscles from Rana temporaria. Permanent load 
5 grams. At A on the left hand curve 155 grams were hung gently on the muscle: 
the temperature rose. At B on the right hand curve, after the 155 grams had 
been hanging on the muscle for some time, the load was gently removed: the 
temperature fell rapidly (the reversible effect) and then rose (the irreversible 
“viscous’’ effect) and finally fell again (the physical loss of heat by conduction). 
Time in seconds snown as gaps in the curves. Read from right to left. 


form of the muscle (see p. 313). The viscous effect increases the thermo- . 


elastic effect in the case of extension, and decreases it in the case of 
shortening. | 

These experiments, which were repeated under various conditions, 
confirm the conclusion that the external work done in a muscular con- 
traction is diminished through viscosity by an amount depending upon 
the velocity of shortening (p. 313 above). Further, they are a necessary 
preliminary to certain investigations which have never yet been satis- 
factorily made, but for which the means are now available, and which 
are of the most fundamental interest; viz., those in which the muscle is 
allowed to shorten during the contraction, the heat-production being 
compared with the work directly measured, and the effect of the shorten- 
ing on the total energy liberated being determined. 

The “‘initial ” heat-production. Under ordinary conditions, and pro- 
vided that the time of stimulation be not too long, the maximum deflec- 
tion of the galvanometer is an accurate measure of the total heat given 
out in the development, maintenance and disappearance of the mechani- 
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cal response, i.e., in all phases except recovery. We shall refer to this 
heat as the “‘initial’”’ heat. It was shown by Weizsiicker (67), (68) that 
the magnitude of the initial heat is uninfluenced by the presence or 
absence of oxygen, and by Hartree and A. V. Hill (23), employing a very 
sensitive method of comparison, that the time-relations of the initial 
heat are also quite uninfluenced by oxygen. Thus the “‘initial’’ break- 
downs are entirely non-oxidative in character. It is clearly necessary 
to attribute two distinct mechanisms to the muscle, one similar to an 
electrical accumulator with an electromagnet and the necessary key and 
wires, by means of which chemical energy previously stored can be used 
either to do external work or to maintain a force as and when required, 
the other similar to a dynamo and a combustion engine, by which the 
accumulator may be recharged to its previous state after activity (23). 
The recovery process will be considered more fully in part III of this 
paper: here we shall deal only with the initial phases of contraction. 

It has been shown by Hartree and A. VY. Hill (23) that the initial proc- 
ess of contraction must be regarded as occurring in three phases, cor- 
responding to the development, the maintenance and the disappearance 
(relaxation) of the mechanical response. By an accurate method of 
analysis of the photographic record of the galvanometer deflection, they 
proved that, in an isometric contraction, each phase is accompanied by 
a production of heat, as shown in figure 3. In the case of a single twitch, 
of course, the second phase (maintenance) is absent. It seems likely 
that the development of the response is due to the liberation of lactic acid, 
the lactic acid then proceeding to alter the tension and natural length 
of the muscle-fiber by some unknown effect of its hydrogen ion. Ina 
twitch relaxation is then caused by the anaerobic chemical removal of 
the lactic acid from the site of its action. Both processes are accom- 
panied by a production of heat. During prolonged stimulation the 
“maintenance” phase occurs, and must be accompanied by a continual 
evolution of heat, owing to the fact that a steady concentration of 
lactic acid can be maintained at its place of action only if the removal- 
processes be balanced by equal production-processes. 

During the development of an isometric contraction heat, H,, and 
potential energy, HE, are produced in the muscle fibers: during relaxa- 
tion the potential energy, EF, disappears, either as heat, or into some 
latent molecular form, the lactic acid which excited its appearance 
being neutralised, or removed, with heat-production H2, by some process 
unknown. The facts, ec, that this process is accompanied by a produc- 
tion of heat, b, that the temperature coefficient of its velocity is very 


MECHANISM OF MUSCULAR CONTRACTION 321 


high, suggest that it is a positive chemical reaction, rather than a 
physical process such as diffusion away from the active areas (54, p. 
310). If, moreover, the lactic acid, once it had done its work, simply 
collected by physical diffusion in the fluid spaces [Meyerhof’s 
Ermiidungsorten] of the muscle fiber, then there should be a measurable 
increase of hydrogen ion concentration as the result of even a single 
twitch. Roaf (64) claimed to have demonstrated such a change by 
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Fig. 3. Heat liberated by sartorius muscles at 0°C. in oxygen. The height of 
each rectangle represents the heat given out in the interval corresponding to the 
base on which it stands. Skeleton rectangles represent the heat liberated during 


contraction, black rectangles the heat liberated during or immediately after 
relaxation. 


the use of an MnQ, electrode, but Ritchie (63), repeating Roaf’s experi- 
ments with great care, found that as the result even of a prolonged 
tetanus, the change of hydrogen ion concentration inside the muscle 
is almost negligibly small. Certainly the lactic acid produced in the 
muscle is neutralised very rapidly, and it is natural therefore to ascribe 
relaxation to this process of neutralisation. 

The isometric twitch. The total initial heat-production in a twitch, 
like the force developed or the maximum work done (see p. 316 above), 
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is affected by extension of the muscle (16), (12), and by temperature 
(12), (24). In a maximal isometric twitch, as the initial extension 
increases the heat increases also, but only to a maximum, after which it 
diminishes considerably. It might be supposed that the energy-libera- 
tion is a surface effect, increasing with the length, or the surface, of the 
fiber; this, however, fails to explain the existence of the maximum, and 
the diminution with further extension. A rise of temperature dimin- 
ishes H, the heat-production in a twitch, probably for the same reason 
as it diminishes 7’, the force developed (see p. 315 above). 


The ratio ‘ , in an isometric twitch, has been studied under a variety 


of conditions. The effect of temperature upon it seems to be very small; 
observations by Weizsiicker (67) appeared to show a definite effect, but 
Hartree and A. V. Hill (25) in carefully controlled experiments were 
unable to substantiate it. The effect, if any, is very small. Where 
nearly everything connected with muscular contraction is so largely 


influenced by temperature, the fact that 7 is unaffected thereby sug- 


gests some special connection between JT and H. Various observers 
have shown that there is a proportion between the oxygen-usage of a 
heart, and the pressure developed in its beats (62). Also, there are 
various grounds for believing that the potential energy developed is 
some fraction of Tl, .l being the length of the muscle, (24), (31), (56). 


If so, the constancy of Hi for varying temperature shows that the frac- 


tion of the total energy liberated as mechanical potential energy is in- 
dependent of temperature. 


The value of - is affected by the strength of the shock, decreasing as 


the shock is increased (25, p. 402), and by initial extension, decreasing 
as the extension is increased (25, p. 400). Following a shock, the value 


of ; for a subsequent shock always passes through a prolonged super- 


normal phase (25, p. 406), the “‘efficiency”’ of a short tetanic contrac- 
tion being thereby appreciably increased. 

As the strength of the shock is increased the heat developed in a 
twitch, like the maximum force, increases in a series of steps until the 
maximal shock is reached; it is curious however to find (25, p. 404) that 
in some cases (but not in all) a super-maximal shock evokes a smaller 
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heat-production than a maximal one, although the mechanical responses 
are in size and character identically the same. Some 15 per cent increase 
in efficiency therefore can be obtained sometimes by employing super- 
maximal shocks. The mechanism of this paradoxical result is quite 
unknown: its possibility, however, together with the facts, a, that the 
time-relations of the isometric twitch are affected by the strength of 


the shock; and b, that - also is so affected, shows that there are dis- 


tinct limitations to the ‘‘all or none’’ principle when applied to the 
twitch of a muscle fiber. If it were true under all circumstances that 
variation of strength of shock causes simply a variation in the number of 
fibers responding, and not in the character of their response, then none 
of these phenomena could occur (25, p. 404). Apparently even in a 
single twitch the response of a muscle fiber can be varied by varying the 
strength of shock directly applied to it, as well as by varying the ex- 
tension and the temperature of the muscle; while the phenomena of 
summation of responses are well known. It seems unwise therefore to 
regard as a universal principle a rule, which may be generally true of 
nerve, but which in muscle is so restricted that it appears to have few 
points of application left. 

The thermal response to a shock is not the result of a mechanical 
response, nor indeed is it necessarily accompanied by one. As Weiz- 
siicker (67), (68) showed, the application of a suitable narcotic sub- 
stance may eliminate the mechanical response completely, while leav- 
ing a considerable heat-production. Thus chemical reactions may be 
released by a shock even though there be no possibility of their evoking 
the visible changes of a mechanical response. This is good indirect evi- 
dence that the production of mechanical energy is due to some physical 
effect of one of the products, or intermediate products, of the reaction, 
the mechanism affected by that particular body being liable to be put 
out of action by the narcotic. 

The prolonged contraction. The heat produced in a prolonged con- 
traction, occurring in response to a maximal tetanic stimulus, depends 
upon a variety of factors, the initial extension, temperature and condi- 
tion of the muscle, the frequency and duration of the stimulus, and the 
amount of shortening allowed. The last-named has never received 
adequate investigation, though the means are now available. All the 
following results refer to isometric contractions. The effects of initial 
extension are the same as in the simple twitch. The effects of tempera- 
ture and duration are as shown in figure 4 (24, p. 137), for the unfa- 
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tigued sartorius of rana temporaria. The heat-production increases 
with the frequency of stimulation, up to the point where complete sum- 
mation is attained (32), after which it reaches a maximum and remains 
constant. Fatigue invariably causes a diminished heat-production. 
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Fig. 4. Relation between heat-production, duration of stimulus and tempera- 
ture. The large diagram shows the curves up to 2.0 seconds on a small scale; 
the small diagram shows the initial shape of the curves up to 0.05 second, on ten 
times the scale. Actual observations shown by dots. 


Of these various factors the most important are shown in figure 4. For 
very short durations the heat is slightly greater at the lower tempera- 
ture; for long durations it is much greater at the higher temperature; for 
one particular duration it is the same at all temperatures. (These experi- 
ments were made with a frequency of stimulation of 180 per second.) 
Moreover after a very short while the curves become straight lines; the 
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heat-production occurs at a steady rate. The steady rate is unaffected 
by the frequency of stimulation, provided this has more than a certain 
value; its temperature coefficient however is 2.8 for 10°C., showing that 
some chemical reaction regulates the rate at which energy is supplied 
to maintain the contraction (24, p. 139). It seems possible that the 
immediate precursor of lactic acid, probably a hexose-phosphate, is 
present in its ‘‘ready’” form only in very small amount, and has to be 
reformed from glycogen as required during prolonged stimulation. In 
that case the speed with which it is reformed would determine the rate 
of the energy discharge, and we should expect the latter to have a 
chemical temperature coefficient. 

The energetics of prolonged stimulation may be expressed in another 


way, viz., by plotting 7 (instead of H) against the duration of the stim- 


ulus (24, p. 144). If this be done it will be found that the total 
energy liberated in a prolonged isometric contraction can be split up 
into two components, one concerned in the development of the mechan- 
ical potential energy, the other in its maintenance at a constant level.” 
Expressed in a mathematical form: 


H = Tla (1+ bz) 


where H is total energy, T is maximum force developed, / is length of 
muscle, x is duration of stimulus, and a and 6 are constants: a is inde- 
pendent of temperature, b is largely affected by it, increasing 2.3 times 
for 10°C. The quantity a7l represents the potential energy developed 
(or some quantity proportional to it); it is noticeable that the value of 
aTl agrees reasonably well with the potential energy calculated from 
the force-extension diagram of the active muscle. The quantity ba(aTl) 
represents the energy degraded in a stimulus of duration z, in 
maintaining a state of potential energy a7l. The greater b is, the 
greater is the wastage of energy in maintaining a constant force. In 
a fresh, rapidly contracting, or warm muscle, b is larger; in a fatigued, 
slowly contracting, or cool muscle, b is smaller; thus in the latter cases 
the maintenance of a force is accomplished with the greater economy. 

With certain limitations these results apply to human muscles. In 
the general expression for the total energy liberated: 


H = aTl (1+ bz) 


we may write a7l = Wp, (or some quantity proportional to Wo), where 
W, is the theoretical maximum work discussed above (p. 311). Ata 
given temperature human muscle appears to contract much less rapidly 
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than frog’s, so that b is less; at 37° however b is large enough to make 
a prolonged contraction fairly uneconomical. It is shown below that 
in the complete cycle of the contraction, i.e., including the recovery 
process, there is about 23 times as much energy set free as in the initial 
processes alone. Hence if Q be the total energy liberated in the com- 
plete cycle, we may write: 

Q = 25 W.(1+ 62z)............. 


This leads us to a consideration of the mechanical efficiency of human 
muscles. It is realised that equation I applies literally only to an 
isometric contraction: it will probably be found however to apply, with 
a different value of b, to a muscle undergoing actual shortening. The 
realisable work W, has been shown (p. 313) to obey the equation 
W=Wo (1 - *\, where k is a constant and tis the time occupied in the 
shortening. If the contraction be maintained only long enough to 


.cover the actual shortening, i.e.,if « = t,we may write W = Wo (1 - 4) 


so that the mechanical efficiency is 


k 
Wo( 
o{ 1 


Q 2.5 Wo (1+ bz) 


I 


(1+ 62) 


If we knew k and b we could calculate from equation II the mechanical 
efficiency of maximal human muscular movements carried out at any 
speed. A determination of k can be made as described by A. V. Hill 
(35). The value of b might be determined directly by measurements of 
oxygen-intake: it might also be inferred approximately from therme- 
electric observations 6n small mammalian muscles; at present, however, 
it can only be arrived at backwards and roughly from a knowledge of 
the maximum net mechanical efficiency. Repeating the calculation 
given by A. V. Hill (35) with the rather different symbols and the new 
value of the recovery heat-production, it can be shown that the maxi- 


mum mechanical efficiency is obtained for a value of z= i + \ 1+ on 
Putting k = 0.24, as found by Hill for the biceps and brachialis 
anticus of a healthy young man, the following table may be calculated: 
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b 0 1 0.3 


0. 0.2 0.4 | 0.5 | 0.6 | 0.7 | 0.8 | 1.0 
Optimum zx 00 | 1.82 | 1.37 | 1.18 | 1.05 | 0.97 | 0.92 | 0.88 | 0.84 | 0.79 
MaximumW/Q | 0.4) 0.295) 0.260) 0.235) 0.220) 0.205 0.190) 0.180) 0.170, 0.155 


From this table, if we may assume the maximum net efficiency of human 
muscular movement to be about 0.26, the value of b is about 0.2. Tak- 
ing this value for the sake of calculation (though the actual value makes 


no difference to the following argument) the efficiency of a maximal 
human muscular movement becomes 


0.24 
0.4 (1 
Q (140.22) 


This relation between the efficiency and the time occupied in the move- 


ment, is shown in figure 5. It is seen that w rises rapidly from zero 


at time 0.24 second (the duration of an unloaded contraction), attains 
a maximum of 0.26 at 1.37 second, and then slowly falls again to zero. 
Thus human muscles have an optimum speed of working: a higher 
speed seriously interferes with their efficiency, a lower speed interferes 
indeed, but much less. It should not of course be supposed that the 
numbers given here are all absolute constants; they depend upon the 
characteristics of the actual muscles used; there can, however, be little 
doubt that the efficiency of human muscular movement is governed, 
in general, by considerations of the kind advanced above. It can be 


shown moreover (35) that a submaximal effort is less efficient than a 


similar maximal one, occurring in the same time against a heavier load. 
This is of importance as show the inadmissibility, in ergometer experi- 
ments, of adopting as “‘base-line”’ the energy expenditure at a lower 
level of work. (For example, see Benedict and Cathcart (3).) The 
whole subject would seem to be of considerable importance from the 
point of view of the optimum conditions for muscular efficiency in the 
processes of industry or athletics, and especially in relation to physio- 
logical experiments with ergometers. We cannot, however, discuss it 
further here. 

An excellent short account of the Thermodynamics of Muscles has 
been given by Meyerhof (51). 

Part III. Tur recovery process. [solatedmuscles. Thediscoveries 


a, of Liebig (42) that an atmosphere of oxygen preserves the irritability 


of an excised resting muscle, and 6, of Ludwig and Schmidt (45) that 


| 
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oxygen delays the onset of fatigue in a similar excited muscle, were 
followed by the proof by Fletcher (18) that a muscle may be preserved 
indefinitely from the onset of rigor mortis, or indeed recalled from its 
incipient stages, by immersion in oxygen. These researches, culmin- 
ating in the classical investigation by Fletcher and Hopkins (20) of 
lactic acid in muscle, led the present writer (30) in 1913 to determine 


EFFICIENCY W/Q 


| A 3 4 
TIME . SECS. X. 


Fig. 5. Mechanical efficiency of human muscular movement in relation to the 
duration, x, of the contraction. 


the heat-production during the recovery phase. It was found, in the 
presence of oxygen, that the production of heat is prolonged for some 
minutes after excitation, the total “delayed’’ heat being of the same 
order of magnitude as the “‘initial’’ heat; while, in the absence of oxygen, 
the delayed heat-production was much smaller, or (as was supposed 
then) negligible. This, together with the proof that the “‘initial heat”’ 
has a non-oxidative origin, makes it clear that the muscle is similar to 
an accumulator, that it contains potential energy ready for discharge, 
which is restored by some oxidative process during recovery. What 
is the nature of this recovery process, and is it the oxidation of lactic 
acid? 


| 


MECHANISM OF MUSCULAR CONTRACTION 329 


Experiments by A. V. Hill (29) and by Peters (61) had proved that 
the production of 1 gram of lactic acid in muscle, whether in rigor or as 
the result of exercise in the absence of oxygen, is accompanied by the 
liberation of about 450 calories. Later and more exact experiments by 
Meyerhof (53) have shown that this value is rather too high, that in 
rigor, or in fatigue induced by a succession of single shocks or short © 
tetani, the value should be about 350 calories! per gram of lactic acid; the 
difference does not affect the argument. If, as A. V. Hill (30) estimated, 
the oxidative recovery process involved about as much heat-production 
as the initial process, the total heat set free in the complete cycle of 
liberating and removing 1 gram of lactic acid had to be aboyt 2 x 450 = 
900 calories; later and much more accurate observations by Hartree and 
A. V. Hill (26) have shown that the average value of the total recovery 
heat is about 1.5 times the initial heat; accepting this figure, together 
with Meyerhof’s more accurate determination, the total energy liberated 
in the complete cycle is 2.5 X 350 = 875 calories. This is close to the 
900 calories originally estimated. Thus in the liberation and the sub- 
sequent oxidative removal of 1 gram of lactic acid 875 calories have been 
produced, and the muscle is finally in the same state as before, except 
that some of its glycogen has been oxidised. The heat of combustion of 
1 gram of lactic acid is 3661 calories, while that of the corresponding 
amount (0.9 gram) of glycogen is 3772 calories;' the total heat liberated 
in the production and the subsequent oxidative removal of 1 gram of 
lactic acid is only 24 per cent of the former and 23 per cent of the latter. 
It was obvious therefore that, unless there were some serious error, the 
whole of the lactic acid was not removed by the simple process of 
oxidation, that for every 1 gram of lactic acid oxidised in the recovery 
phase, some 3 more grams of lactic acid were removed by some other 
non-oxidative mechanism. ‘There seemed no escape from this conclu- 
sion. In 1915, however, Parnas (58) published experiments purporting 
to show that during the oxidative recovery phase a complete equiva- 
lence existed between the oxygen used and the lactic acid removed. 
These experiments were accepted by Fletcher and Hopkins (21) in their 
Croonian Lecture, and at first by Meyerhof (52), and it was assumed in 
consequence that in the recovery phase the whole of the lactic acid was 
really oxidised, and not, as had been supposed, restored to its previous 
position ready for subsequent acitvity. There remained, however, the 


1 Since this article was completed the writer has received the manuscript of a 
forthcoming article by Meyerhof, in which this figure is modified slightly. See 
Appendix. 
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fundamental difficulty that on this view the recovery heat-production 
was quite inadequate. From this impasse the situation has been 
relieved by the brilliant investigations of Meyerhof. Meyerhof first 
(54) repeated the experiments of Parnas with entirely the contrary re- 
sult. Allowing for the oxygen used in the same period by similar resting 
muscles he found that during the recovery period of stimulated muscles 
an excess of oxygen is used which is insufficient to account for the oxidation 
of more than 4 to } of the lactic acid which can be shown, by direct deter- 
mination, to have disappeared. ‘This is in excellent agreement with the 
results of the calculation from the recovery heat-production. Meyerhof 
repeated his measurements of the oxygen used in the recovery process 
under various conditions, always with the same result, viz., that not more 
than 4 to} of the lactic acid is removed by direct oxidation. It is difficult 
not to attribute Parnas’ results to some unknown experimental error. 
Meyerhof moreover has confirmed his results by a variety of other 
observations. In the first place he found (52) that in the recovery 
removal of lactic acid the volume of CO, produced is almost exactly 
equal to that of O. absorbed; the respiratory quotient is unity. This 
points to the oxidation either of lactic acid or of carbohydrate. Further, 
by direct measurement (in a calorimeter) of the recovery heat-produc- 
tion after prolonged stimulation, he found (54) that the heat is less than 
that calculated from the oxygen used by an amount equivalent to the 
energy liberated in the initial stages of the contraction; in other words, 
the energy liberated by oxidation in the recovery process partly appears 
as heat, and partly is absorbed in some physico-chemical process restor- 
ing the muscle to its original condition. Thus the heat set free plus 
the energy re-absorbed is shown, by direct measurement, to correspond 
to the oxygen used; and this oxygen corresponds to the oxidation of an 
amount of lactic acid only 3 to } of that known actually to have been 
removed. Finally Meyerhof has shown (54), (55), again in contradic- 
tion of Parnas (58), that (making due allowance for the oxidation of a 
quantity corresponding to the measured amount of oxygen used in sur- 
vival or recovery) whenever lactic acid appears a corresponding amount 
of glycogen disappears, and that whenever lactic acid disappears a cor- 
responding amount of glycogen can be recovered. It seems therefore 
quite certain, a, that the recovery process consists of an oxidation 
(either of lactic acid or of carbohydrate), of which part of the energy 
appears as heat, part is absorbed in restoring the muscle to its original 
condition of readiness for mechanical activity; b, that in the initial 
process of contraction glycogen, or some product of glycogen, is changed 
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explosively into lactic acid; c, that in the recovery process the glycogen 
(or its product) is restored and the lactic acid removed; and d, that the 
oxygen used in recovery is employed in oxidising carbohydrate (or lactic 
acid) in amount equivalent to about } of the lactic acid removed. 
Experiments have recently been made by Hartree and A. V. Hill 
(26), with particular care to ensure accuracy, to determine both the 
extent and the time-relations of the recovery heat-production. The 
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Fig. 6. Rate of production of heat during recovery of sartorius of rana temp. 
in O. and in Nz. Note that the heat is expressed, not in absolute units, but as a 
fraction of the initial heat-production. 


rate of recovery heat-production appears to follow a perfectly definite 
time-course, as shown in figure 6; it starts at a low level immediately 
following the contraction, rises to a maximum, and then slowly falls to 
zero, the last part of its curve being of an exponential character. It is 
noticeable that the longer stimulus, evoking the more extensive libera- 
tion of energy, gives a recovery heat-production which is not only 
absolutely but relatively more rapid than that given by the shorter 
stimulus. When the velocity of a chemical reaction increases more 
rapidly than the first power of the concentration of one of its reacting 
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bodies we conclude that the “order” of the reaction is greater than unity, 
that we are dealing with a bimolecular or a termolecular reaction. All 
the experiments made confirm the conclusion that the “order” of the 
reaction occurring in the recovery process is greater than unity, a con- 
clusion which is entirely in keeping with the view advanced by Meyerhof 
(54), on the basis of Embden’s work, that in the recovery process two 
molecules of lactic acid are united to make one molecule of glucose, 
which is then combined with phosphoric acid to form a hexose diphos- 
phate. The rate of the recovery heat-production is also affected by 
temperature, increasing rapidly as the temperature rises. The cause 
of the maximum on the curve, until we have further knowl- 
edge of the chemical reactions occurring in recovery, must remain a 
matter of conjecture; were these chemical reactions of a simple kind we 
should expect an initial high rate followed by a continuous fall to zero: 
clearly we are dealing here with complex reactions whose full activity is 
not manifest until some time after their commencement. Possibly the 
time-relations of the heat-production during recovery may give some 
clue as to the actual chemical mechanism of the latter. 

In the experiments of Hartree and A. V. Hill (26) the special pre- 
cautions taken to ensure a steady zero made it possible to measure the 
recovery heat-production after a short tetanus (0.3 to 0.5 second), for 
some 6 or more minutes, and so to arrive at an accurate estimate of its 
total value. Calling the total initial heat-production H» and the total 


recovery heat-production H,, the ratio 4 in frog’s muscles in oxygen at 


20°C., had values varying from 1.0 to 2.0, (the majority lying between 
1.4 and 1.6) and a mean of 1.5. The ratio was independent of the dura- 
tion of the stimulus. In the absence of oxygen, i.e., after some hours in 
O.-free nitrogen, with preliminary stimuli to use up any traces of oxygen 
still present, the delayed heat-production was not abolished altogether 
but was still perceptible as shown in figure 6. The total value of the 
delayed heat in this case bore to the initial heat a ratio varying from 
0.3 to 0.6, with a mean of about 0.4. This might perhaps be attributed 
to oxygen still present dissolved in the muscle, although all precautions 
had been taken to avoid this possibility; but a thin sartorius muscle 
soaked in a KCN solution (0.0007 n to 0.002 n) for 1 minute or more, 
in which presumably all oxidations had been eliminated, still showed a 
delayed heat-production amounting to some 30 per cent of the initial 
heat. If further investigations confirm the existence of this smaller 
anaerobic delayed heat-production we shall have to assume either 
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1, that the chemical reactions of the recovery process can progress to 
some degree in the absence of oxygen, and get held up only at the oxida- 
tive stage; or 2, that in the muscle there exists some hydrogen acceptor 
capable, like the dipeptide isolated by Hopkins (36), of allowing oxida- 
tions to proceed in part even in the absence of niolecular oxygen; or 
3, that the heat liberated in the absence of oxygen should be regarded 
as belonging to the initial stage (possibly relaxation), and not to the 
recovery stage at all. There seems at present to be insufficient evidence 
to allow us to distinguish between these three alternatives.” 

The existence of this anaerobic delayed heat-production may upset 
some of the calculations given above. In anaerobic activity, or in 
rigor, the heat measured by Meyerhof, for comparison with the lactic 
acid formed, is the same as the sum of the initial and the delayed heats 
measured by Hartree and Hill in the absence of oxygen. Taking the 
‘initial heat’’ as 100, the delayed heat in the absence of oxygen is 40, 
while the recovery heat in the presence of oxygen is an extra 110. In 
this case the total energy? of the oxidative phase is not 2.5 times, but 
only 1.8 times the total heat of the combined anaerobic phases. This 
will only strengthen the argument in favor of the non-oxidative removal 
of lactic acid, but without further evidence as to the mechanism of this 
post-activity non-oxidative heat-production it will be useless further to 
discuss the matter here.* 

Unisolated muscle. Verzar (66), observing the oxygen-usage of the 
gastrocnemius of an anesthetised cat, found that during stimulation the 
rate of oxygen-intake is not increased, but that after stimulation it rises 
and remains for a long time above its resting level. The reason for the _ 
absence of a rise during stimulation is presumably, as Lindhard (43) found 
for man during ‘‘static work,” that the blood supply is hindered by the 
hardening of the active muscle. Barcroft and Kato (2) performed simi- 
lar experiments on the gastrocnemius of anesthetised dogs, employing 
rhythmic instead of continuous stimulation. They found a rise of 
oxygen-intake during stimulation (the blood supply not being stopped 
by rhythmic excitation) but a still greater rise lasting for hours after 
the stimulus was over. These experiments contrast curiously with 
those on man (see below), in that the recovery process is so prolonged; 
after several hours the return to resting level is not as complete as it is, 
in man, after as many minutes. Whether this be due to excessive 
stimulation, or to the effect of the anesthetic, one cannot say. There is 


? That is, heat plus restored potential energy. 
See Appendix. 
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no doubt, however, that such experiments do not represent the normal 
processes of recovery in warm-blooded animals, which are better 
studied in man. 

Man. Owing to the lag in a calorimetrical method, and to the errors 
inherent in calculation from the CO.-output during a rapidly changing 
metabolsim, the only practicable means of following the recovery proc- 
ess in man is that of determining the oxygen-intake. In their experi- 
ments on Pike’s Peak (13, p. 258) Douglas, Haldane, Henderson and 
Schneider made preliminary observations, by the Douglas bag method, 
of the course and extent of the oxygen-intake during recovery from 
exercise in man. These experiments have been confirmed and extended 
by Campbell, Douglas and Hobson (7), and recently by Lupton (46), 
also using the Douglas bag method, the former investigating the re- 
covery period after work on a bicycle ergometer, the latter after various 
other forms of exercise: Krogh and Lindhard also (40) have investi- 
gated the oxygen-intake after ergometer exercise, and Lindhard (43), 
(44) after the “static work” of supporting the body in various positions, 
customary in a gymnasium. In healthy men recovery is very rapid, 
the primary return to a resting level of oxygen-intake being complete 
within 10 minutes of the end of exercise, and almost complete within 
3 or4 minutes. Even after an exhausting effort recovery is not sensibly 
prolonged, though there.may be a small increase in the resting level of 
oxygen-intake, corresponding possibly to a rise of body temperature, 
possibly to a restoration of glycogen in the muscle. 

At 20°C. the recovery heat-production of a frog’s sartorius in oxygen 


_is nearly complete in 6 minutes (see fig. 6), 50 per cent complete within 


2 minutes. Hartree and A. V. Hill (26) found the recovery heat- 
production to be considerably affected by temperature, though they 
could not determine a temperature coefficient. Assuming the latter to 
be about 2.4, the recovery process at 37°C. should be nearly complete 
within 14 minutes, and 50 per cent complete within 30 seconds. In 
man the oxygen pressure is not so high, and we might expect the rate 
of recovery to be less. Hence the speed of oxidative recovery is of the 
same order of size in man as in isolated muscle. After prolonged stimu- 
lation of large masses of isolated muscle the speed of recovery is deter- 
mined by the rate of oxygen diffusion, and is therefore very slow; where, 
however, the oxygen supply is adequate, and especially at a high temper- 
ature, oxidative recovery is a fairly rapid process. 

Muscular exercise may be long continued, or short, while the chemical 
processes of recovery may occur mainly during the exercise, or wholly 
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after it. At the beginning of exertion an oxygen deficit is built up which 
is compensated only at the end. In prolonged exertion the greater 
part of the recovery process is completed during the exercise itself; 
during uniform exertion a steady state is rapidly reached in which the 
total oxygen deficit becomes constant. In this case the total oxygen 
absorbed in the post-exercise recovery process is equal to that used in 
not more than 4 to 1 minute of the previous exertion. This shows the 
extreme rapidity of the oxidative recovery process in normal man. The 
highest possible rate of oxygen-intake in man, during steady exercise, 
is about 6000 cc. per minute; a total therefore of something like 4000 cc. 
may be used in recovery. Assuming that 22.2 liters of oxygen oxidise 
30 grams of lactic acid or glucose, and correspond therefore (from above) 
to the removal, during recovery, of about 120 grams of lactic acid, we 
see that during and immediately after severe exercise, there must be 
something of the order of 22 grams of lactic acid present in the body. 
If the active muscles be assumed, for the sake of calculation, to weigh 
16 kilos, this corresponds to a lactic acid concentration of about 0.13 per 
cent, an amount which is about 34 of that found in isolated frog’s 
muscles after severe anaerobic stimulation. These 22 grams of lactic 
acid we may suppose neutralised by bicarbonate present in the blood 
or muscles; in the process it must turn out some 16 liters of COe, while 
during its oxidative removal in recovery the same amount of CO, must 
finally be retained by the body. It is small wonder, therefore, either 
that lactic acid may appear in the blood and urine, or that the combined 
CO, of the blood may be altered (8), or that the respiratory quotient 
may exhibit violent fluctuations, as the results of severe exercise and 
during recovery therefrom (7, p. 36); (46). These fluctuations must 
render any attempt to follow the rapidly changing metabolism in such 
cases, by means of measurements of the CO, output, entirely useless. 
Lupton (46) has investigated also the recovery from short bouts of 
very violent exercise, of a nature too severe to be prolonged. In the 
extreme case of 10 seconds of such exercise, during which the subject 
holds his breath, practically the whole of the oxygen used after exer- 
cise in excess of the resting level, must be due to recovery, and Lupton 
found values as high as 2000 cc., as the total oxygen usage of recovery 
from 10 seconds exercise. This corresponds to a production of about 
11 grams of lactic acid, a concentration roughly of the order of 0.05 
per cent averaged over all the muscles of the body. This amount 
of oxygen used in the oxidation of carbohydrate yields about 10,000 
calories, enough to raise the body-temperature of an 80 kilo man 
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some 0.15°C. Thus the most extreme form of exercise causes, per 
second of the exercise, a total liberation of energy of 1000 calories, 
This, if continued, would be equivalent to an expenditure of 4.18 kilo- 
watts or of 53 horse-power, a rate which it would clearly be impossible 
for a man to maintain for more than 20 or 30 seconds. The total oxygen 
dissolved in the fluids of the body of an 80 kilo man, at the resting venous 
oxygen pressure, say at 50 mm. Hg, is about 100 cc.; the total oxygen 
combined with hemoglobin in his blood is not more than 800 ec.; while 
the rate of oxygen supply by the circulation, even after it has been 
pushed to its extreme limit by continued exertion, cannot much exceed 
6000 cc. per minute. Consequently the most violent exercise of which 
aman is capable may in 5 seconds lead to breakdowns requiring recovery 
oxidations sufficient to exhaust all the molecular oxygen available in the 
body; and since such exertion may be continued certainly for 20 seconds 
the body may, so to speak, go into debt for oxygen to the extent of 3000 
or 4000 ce. It is this fact alone which makes it possible for the body to 
carry out the more violent forms of exertion; were it necessary for the 
oxygen supply to keep pace with the exertion the capacity of the body 
for short-lived violent effort would be reduced to one-half or less. The 
same fundamental importance of recovery oxidations is shown by the 
experiments of Lindhard (43), (44). Here the subject, for example, 
maintained his body-weight for about 1 minute with arms bent, the rate 
of oxygen-intake being measured during, and at various moments after 
the exercise. In one experiment the total increased oxygen-intake, 
as the result of the exercise, was 1125 cc., of which only 168 cc. were used 
during the working period itself. Lindhard explains the lowness of the 
oxygen-intake during the working period as due mainly to the rigidity 
of the active muscles placing a severe restraint upon the circulation in 
them, and so restricting their oxygen supply. The fact that nearly 
1000 ec. of oxygen are required in the recovery of what is really a very 
limited mass of muscles, sufficiently explains the extreme fatigue oc- 
casioned by this type of “static work;”’ this quantity of oxygen is 
required to remove about 5} grams of lactic acid; the muscles involved 
probably do not weigh more than 2 kilos; consequently a concentration 
is attained of some 0.2 per cent to 0.3 per cent—somewhere near the 
maximum amount attainable by stimulation. 

Part Iv. THE PLACE OF LACTIC ACID IN THE MECHANISM: The lactic 
acid maximum established by Fletcher and Hopkins (20), the fact that 
the heat-production associated with the anaerobic formation of lactic 
acid shows the same phenomena (29), and that this heat-production is 
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3 to 4 times! as great as that obtainable from the breakdown of glycogen 
into lactic acid, led various writers (and especially the present one) to 
assume the existence in muscle, in limited amount, of some lactic acid 
“precursor” possessing stores of energy available for release in muscular 
activity, this precursor being restored during oxidative recovery (33). 
Recently however evidence has accumulated that the lactic acid maxi- 
mum is due to a process of “‘self-inhibition,” the formation of acid being 
stopped by the rising hydrogen ion concentration (41), (53). If the 
rise of hydrogen ion concentration be prevented in any way, e.g., by 
alkali, or by diffusion of the lactic acid into surrounding Ringer’s solu- 
tion, the formation of acid may reach a considerably higher level. The 
same thing is borne out by the experiments of Meyerhof (56), who 
found the total mechanical response (i.e., to complete fatigue), as 
also the acid maximum, to be increased in an alkaline medium. Hence 
one aspect of the case for such a type of lactic acid precursor completely 
disappears. Moreover the evidence has become overwhelmingly 
strong* that lactic acid arises, possibly not directly, from glycogen (59), 
(55), and the work of fhe Embden School (14), (15), which there is no 
space to discuss here, seems to show that some hexose-diphosphate is a 
link in the chain by which glycogen and lactic acid are mutually trans- 
formable into one another. According to Meyerhof (55), the reaction 
may be formulated as follows (writing glycogen as (C.H1005)n). 


Anaerobic breakdown 


5/n (Ce Hio Os)n + 5 H2O + 8 H; PO, 

— 4 Coe Hio O« (H2PO4)2 + Co Hi2z Os + 8 

—8 C; Hs O; + 8 Hs POg + Co Hie Os 
Oxidative recovery 


8 C; He O; + 8 Hs PO, + Coe Hi2 Oc + 6 Op 
— 4 Coe Hio (H2PO4)2 + 6 CO2 + 14 
— 4/n (Ce Hio Os)n + 8 Hs POg + 6 + 10 


If this be so we are left with one fundamental problem, the fact that 
the heat-production in the anaerobic phase is much greater, and in the 
oxidative recovery phase much less, than corresponds to the chemical 
reactions written down. Landolt and Bornstein give the heat of com- 
bustion of glycogen as 4191 calories per gram, and of lactic acid as 3661 
calories.' Thus 0.9 gram of glycogen forms 1 gram of lactic acid with 


‘Since the above was written a paper has appeared by Foster and Moyle, 
Biochem. Journ., 1921, xv, 672, which strongly confirms this conclusion. See also 
Hopkins’ Herter Lecture, No. 2, Johns Hopkins Hosp. Bull., 1921, xxxii, 359. 
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the evolution of only 109 calories, an amount only 4 to } of that actually 
appearing in the anaerobic formation of 1 gram of lactic acid in muscle; 
there is an excess of some 250 calories to account for. In the recovery 
phase there is a similar deficit. It is natural to attribute this alternat- 
ing excess and deficit to the forward and backward progress of some 
reaction directly connected with the mechanical response. In the com- 
plete anaerobic cycle of an isometric contraction and relaxation no ex- 
ternal work has been done and nothing has happened, so far as we know, 
except that a certain amount of lactic acid has appeared. Any action 
of the lactic acid, or its hydrogen ion, on sensitive surfaces (Verkiir- 
zungsorten (Meyerhof)) during contraction has been reversed during 
relaxation, a conclusion which is borne out by the fact that relaxation 
is accompanied by heat-production (23). Everything is as it was, 
except that some glycogen has disappeared and some lactic acid has 
appeared, not indeed free acid, as Ritchie (63) has shown, but acid in 
some combined or neutralised form. There seems no escape from the 
conclusion that the combination, or neutralisation, of the acid is respon- 
sible for the extra 250 calories appearing in thé anaerobic phase, and 
that the reversal of this combination, or neutralisation, is responsible 
for the similar deficit in the oxidative recovery phase (53, p. 273). 

The neutralisation of lactic acid with bicarbonate involves only a 
very small quantity of heat, according to an estimation by A. V. Hill 
(33, p. 371) only about 27 calories per gram of lactic acid. This is not 
sufficient to account for the excess and deficit under consideration. The 
neutralisation of the acid with free base (KOH) would supply us with 
enough heat, but there is no free base present. It may be, however, 
that in the fluids of the muscle there is some alkaline protein body 
capable of combining with and neutralising the lactic acid with the 
required evolution of heat.2 In any case the process by which the lactic 
acid is fixed must be one possessing considerable free energy, since it has 
to reverse the very vigorous one in which lactic acid reacts with the 
sensitive surfaces of the muscle, producing free energy in the mechanical 
form. 

In this way the vain search for a lactic acid ‘ precursor,” possessing 
stores of potential energy ready for subsequent release, has been replaced 
by an attempt to find the chemical mechanism of relaxation, the means 
by which lactic acid, having effected the development of tension, is 
removed from the site of its action, so allowing the previous state to 
reappear. 
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In a recent summary (38) J. v. Kries has sketched the following pic- 
ture of the manner in which muscular contraction occurs: a, contraction 
is due to physico-chemical forces employing a form of energy present in 
amount only sufficient for one maximal contraction; b, in relaxation 
this form of energy is restored by forces which may be described as the 
affinity of some intermediate body for lactic acid; this body is present 
in amount sufficient to produce relaxation for a number of contractions; 
and c, in recovery, the energy of the intermediate body is restored by 


oxidative processes. It will be seen that this sketch follows very closely 
the lines suggested above. 


An excellent short account of the rédle of lactic acid in muscular con- 
traction has been given by Meyerhof (50). 


APPENDIX 


Since the above pages were completed the writer has been able to see the 
manuscript of a paper by Meyerhof (Energieumwandlungen VI) shortly to 
appear in Pfliiger’s Archives. The conclusions in this paper are so pertinent to 
the discussion here that they have been included in this appendix. First, Meyer- 
hof has redetermined the heat of combustion of lactic acid, and finds it appreci- 
ably different from that given in books of chemical tables. He finds that the 
formation and neutralization (with phosphate or bicarbonate) of 1 gram of lactic 
acid from glycogen leads to an evolution of about 190 calories, a considerable in- 
crease on that estimated above. He finds also that in intact muscle the same 
amount of lactic acid is formed anaerobically from glycogen with an evolution of 
about 370 calories. If the acid be allowed to escape into a surrounding alkaline 
fluid, this value is considerably reduced, showing that something more than neu- 
tralization with an alkaline salt occurs in the living muscle. If lactic acid be 
formed from glycogen in crushed muscle the heat corresponds closely to the 190 
calories, showing that here we have merely the formation and simple neutraliza- 
tion of lactic acid. If moreover an acid be allowed to penetrate into a muscle, 
without the liberation of lactic acid, the heat produced is about half of that accom- 
panying an equal production of lactic acid in the live muscle. It is clear therefore 
that the presence of the lactic acid in the muscle leads to an evolution of about 180 
calories beyond that caused in its production from glycogen. Meyerhof supposes 
that this arises from the heat of dissociation of the muscle proteins, and he has 
shown that, although the neutralization of 1 gram of lactic acid by phosphate 
or bicarbonate yields only about 20 calories, the addition of the same acid to 
buffered amino acid solutions yields some 6 or 7 times as much heat. 

It is very probable therefore that the remaining 370 — 190 = 180 calories must 
be attributed to some reaction between the acid and the protein constituents of 
the sarcoplasm. If this reaction be a slow one it may account for the delayed 
anaerobic heat shown in figure 6: and in this case the process of relaxation may 
be ascribed to the immediate neutralization of the acid by alkaline salts, the 
acid then being slowly removed by the proteins, thereby leaving the alkaline 
salts free to function in later relaxations. 
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